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TESTS  ON  PLAIN   AND  REINFORCED  CONCRETE 


I.  INTRODUCTION. 

This  bulletin  is  a  report  of  tests  upon  plain  and  reinforced 
concrete  made  in  the  testing  laboratory  of  the  University  of 
Wisconsin  during  the  summer  of  1906.  The  following  subjects 
were  investigated:  bond;  compressive  strength  of  concrete  in 
cubes,  cylinders  and  beams ;  effect  of  compression  reinforcement 
in  beams;  overhanging  beams;  diagonal  tension  failures  and 
methods  of  preventing  the  same;  tee  beams. 

In  the  investigations,  an  effort  was  made  to  approach  prac- 
tical working  conditions  wherever  possible.  Materials  were 
purchased  in  the  open  market.  Concrete  was  mixed  wet  in 
accordance  with  standard  methods.  Experienced  men  were 
employed  for  this  purpose.  Specimens,  except  in  special  cases, 
were  cured  in  air.  As  the  air  in  the  laboratory  was  considerably 
drier  than  that  out-of-doors,  the  streng-th  of  the  specimens  doubt- 
less suffered  more  from  evaporation  than  if  seasoned  in  the  open 
air.  The  compressive  strength  of  cubes  and  cylinders  furnishes 
but  little  indication  of  the  ability  of  the  concrete  to  resist  di- 
agonal tensile  stresses.  Tensile  tests  made  in  connection  with 
beams  would,  without  doubt,  be  of  much  more  value  for  this 
purpose. 

A  new  computed  fiuantity  will  be  noted  in  the  results  of  the 
compression  tests  called  the  600  Ibs./in-  modulus  of  elasticity. 
The  initial  modulus  and  the  secant  modulus  at  the  ultimate 
have  been  employed  in  working  formulae.  The  first  is  evidently 
too  high  a  value,  while  the  second  is  too  low.  In  order  to  ap- 
proximate more  closely  a  ratio  of  stress  to  deformation  Which 
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will  apply  to  working  stresses,  the  slope  of  a  line  drawn  from 
the  origin  of  coordinates  to  a  point  on  the  stress-deformation 
curve  representing  a  stress  of  600  Ibs./in'-.  has  been  deter- 
mined and  reported.  While  it  is  recognized  that  the  modulus  of 
elasticity  of  concrete  is  a  variable  quantity,  it  is  believed  that 
values  computed  in  this  manner  are  sufficiently  accurate  for 
working  conditions  under  static  loading. 

As  the  principles  of  continuity  over  supports  has  a  wide  ap- 
plication in  all  concrete  structures,  it  was  decided  to  make 
overhanging  beams  for  the  purpose  of  investigating  web  stresses. 
A  constant  amount  of  horizontal  reinforcement,  large  enough 
to  develop  the  full  strength  of  the  concrete  in  compression, 
was  employed  The  ratio  of  span  to  depth  was  made  small  to 
secure  high  tensile  web  stresses. 

A  great  deal  of  pains  was  taken  to  note  the  appearance  and 
growth  of  cracks.  In  reporting  failures,  the  primary  one  is  in 
.all  cases  tabulated.  The  diagrams  of  cracks  and  reinforcement 
.are  scale-dra'vvn  copies  of  sketches  made  from  measurements 
taken  on  the  beams.  These  are  included  here  in  order  that  the 
position  of  cracks  with  reference  to  reinforcement  may  be  ob- 
iserved. 

The  inception  of  these  experiments  was  due  to  Dean  F.  E. 
Turneaure.  Much  of  the  work  was  planned  by  him  and  carried 
out  at  his  suggestion.  Acknowledgement  is  also  made  to  F.  M. 
McCullough,  H.  F.  Moore  and  E.  A.  Moritz,  membei-s  of  the 
instructional  force,  and  E.  P.  Abbott  of  the  class  of  1908  for 
valuable  assistance  in  these  investigations.  11.  F.  Lutze,  of  the 
class  of  1908,  assisted  in  preparing  drawings  for  this  bulletin. 
Funds  for  the  work  were  provided  by  the  University. 

II.     DESCRIPTION  OF  MATERIALS. 

Metal: — All  reinforcement  was  purchased  in  the  local  mar- 
ket. "With  one  exception,  round  rods  of  mild  steel  were  used  as 
longitudinal  reinforcement  in  all  l)eams.  In  the  compression 
beams,  Series  A,  i-inch  Johnson  corrugated  bai«  (new  style) 
were   employed.     For   web   reinforcement,    i-inch    and    ,^,.,-ineh 
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round  rods  and  expanded  metal  were  used.     Table  I  shows  char- 
acter of  metal. 

TABLE  I. 
Tension  Tests  of  Steel. 


Diameter  of  Specimen  (in  ins.) 

Yield  Point 
(in  lbs./in.2) 

Ultimate  Strength 
(in  lbs. /in. ^) 

3 

93, 700 
53,000 
51,600 
38, 600 
'    36,400 
42, 300 
42,200 

101,000 

1 

67,700 

1 

68, 700 

i 

56, 000 

A 

52, 400 

i! 

61,500 

3 

62, 100 

Stone : — Crushed  limestone  from  Kankakee,  Illinois,  was  used 
in  this  work.  It  was  of  good  quality,  weighed  83  pounds  to  the 
cubic  foot,  measured  loose,  and  contained  48|-  per  cent  voids. 
The  proportion  of  the  various  sizes  in  a  40-pound  sample  is 
shown  in  Table  II. 


TABLE  ir. 
Analysis  of  Stone. 


Diameter  of  Mesh  (in ins.) 

Amount  Retained 
lin  lbs.) 

Per  Cent. 
Passing . 

1 

100 

1     

2.00 

27.25 

9.00 

1.06 

.44 

95 

.V 

•2 

26.4 
3  8 

No.  20 

Dust 

1.1 

Sand: — The  local  market  supplied  the  sand.  Although 
fairly  clean,  it  was  too  fine  to  give  the  best  results.  It  weighed 
103  pounds  per  cubic  foot,  loose,  and  contained  38  per  cent 
voids.     A  mechanical  analysis  is  given  in  Table  III. 
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TABLE  III. 

Analysis  of  Sand. 


Sieve  No. 

Diameter  of 
Mesh,  (in  ins.) 

Per  cent 
Passing. 

6 

0.131 

0.073 

0.042 

0.034 

0.022 

0.015 

0.011 

0.0078 

0.0045 

98.7 
96.1 
92.9 
90.9 
78.1 
61.9 
35.7 
14.0 
10.4 

10 

16 

20 

30 

40  

50 

74 

100 

Cement: — The  United  States  Geological  Survey  furnished  all 
cement.  Table  IV  contains  the  results  of  tests  made  upon  the 
various  brands  of  cement  used  in  these  experiments. 
These  tests  were  made  in  accordance  with  the  rules  of  the 
American  Society  for  Testing  Materials.  The  mixed  brands 
consisted  of  five  Standard  American  Portland  Cements.  Say- 
lors  and  Giant  brands  were  used  in  the  overhanging  beams,  Le- 
high in  the  beams  of  Series  B,  Dragon  in  beams  of  Series  A  and 
the  mixed  brands  in  the  tee  beams. 

Concrete : — A  1 :2 :4  mixture  was  adopted  as  being,  on  the 
whole,  the  most  suitable  for  this  work.  All  materials  were  meas- 
ured loose  except  the  cement  which  was  weighed,  100  pounds 
being  allowed  to  the  cubic  foot.  The  cement  and  saiul  were 
thoroughly  mixed  dry,  and  then  the  wetted  stone  was  thrown 
ui)oii  the  dry  mortar.  Water  was  added  and  the  whole  turned 
until  it  appcai'cd  of  uniform  consistency.  About  8^  per  cent  of 
water  by  weight  was  required  to  produce  a  wet  mixture  which 
could  be  easily  worked  around  the  reinforcement. 

Specimens  were  surfaced  by  running  a  large  trowel  around 
the  inside  of  the  mold,  thus  bringing  the  mortar  to  the  outside 
and  forming  a  smooth  finish.  This  was  necessary  in  order  that 
cracks  might   i-cadily  l)e  detected. 

[8  I 


WITHEY PLAIX    AND    REIXFOKCED    CONCRETE 

TABLE  IV. 

Tensile  Stkength  of  Cements. 


Ultimate  Strength  (in  lbs. 

iQ.2) 

Brand, 

Briquette 
No. 

Age  7  Days. 

Age  28 

Days 

Neat. 

1:3 
Mortar. 

Neat. 

1:3 
Mortar. 

1 

2 

3 

4 

550 
530 
630 
590 

260 
220 
240 
210 

542 
470 
542 
522 

330 
360 
346 

330 

Giant. 

Average . . . 

575 

232 

519 

585 
695 

690 
660 

341 

1 

2 

3 

4 

610 

536 
506 
552 

238 
216 
206 
226 

340 
355 
370 
395 

Lehigh. 

Average. .. 

551 

221 

658 

378 

1 

2 

3 

4 

440 
560 
5S0 

476 

160 
220 
176 

152 

530 
580 
650 
520 

250 
225 
290 
290 

Dragon. 

Average. . . 

501 

177 

i    570 

264 

1 

2 

3 

4 

616 

.  654 

696 

580 

300 
191 
236 
232 

6C0 
7HU 
700 
686 

360 
290 
358 
312 

Saylors. 

Average . . . 

636 

240 

694 

330 

1 

2 

380 
5-JO 
538 

160 
1.38 
160 
390 

680 
680 
680 
600 

248 
308 
222 
280 

3 

4 

Mixed  Brands. 

Average . . . 

486 

162 

060 

264 
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III.     BOND  TESTS. 

The  form  of  specimen  adopted  in  these  tests  was  that  of  a 
prism,  8  inches  by  8  inches  in  cross-section.  Part  of  the  blocks 
were  6  inches  long  and  the  remainder  8  inches.  In  all  cases, 
one  end  of  the  rod  was  set  flush  with  the  face  of  the  block 
while  the  other  projected  from  the  opposite  face  far  enough 
to  afford  a  hold  for  the  grips  of  the  testing  machine.  The  rods 
were  all  of  mild  steel  from  the  same  lot  as  the  steel  used  in  the 
beams.  Specimens  were  allowed  to  remain  in  the  mold  for  two 
days  and  in  the  air  for  twenty-five.  In  testing,  the  rod  was 
run  up  through  the  movable  crosshead  of  the  machine  and 
gripped  by  the  fixed  crosshead.  The  movable  head  was  then 
run  do^^1l  and  the  specimen  adjusted  to  an  even  bearing.  Xo 
plaster  of  paris  or  blotting  paper  was  used  between  the  specimen 
and  crosshead.  This  method  of  testing  is  not  ideal  as  a  com- 
pressive stress  is  placed  upon  the  concrete  next  to  the  i)ulling 
head  which  doubtless  increases  the  bond.  The  maximum  load 
was  read  and  the  bond  computed  from  it.  As  soon  as  the  rod 
had  slipped  an  appreciable  amount,  the  load  which  balanced  the 
beam  was  noted  and  recorded  as  the  frictional  resistance.  This 
reading  was  taken  while  the  machine  was  still  running. 

Table  V  contains  the  results  of  tests  made  from  various 
batches  of  concrete.  Xos.  8  and  9  in  this  table  were  nuide  from 
a  concrete  in  which  limestone  screenings  and  sand  were  used 
as  aggregate.  The  screenings  contained  about  40  per  cent  of 
dirt.  From  Fig.  1.  it  would  seem  that  the  bond  of  1:2:4  con- 
crete increases  with  the  compressive  strength.  For  these  tests 
the  bond  developed  averages  about  .3  of  the  compressive 
strength. 
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TABLE  V. 

Variation  of  Bond   with  the  Compressive  Strength.     1:2:4 

Concrete. 

Age  of  specimens  28  days. 


_ 

^ 

, , 

,_ 

6 

CO 

O— ' 

tsi  3^ 

03 

o 

<  ^ 
G 

.248 

1— 1 "~' 

a    _ 

on        _• 
J'       \ 

'S  c  .s 
p  — 

a 

a  ^ 

.2 

«4-l 

l'3.s 

1 

A 

6^- 

6,700 

27,000 

36, 400 

607 

1,850 

2 

)> 

>) 

6* 

5,500 

22,200 

)) 

509 

2,000 

3 

M 

5> 

6+ 

7,200 

•29,000 

)) 

627 

2,155 

4 

)) 

5) 

6|- 

4,625 

18,600 

?j 

418 

1,485 

5 

V 

)) 

6J 

4,250 

17, 100 

)) 

384 

1,435 

6 

J) 

J» 

6 

4,100 

16,500 

)) 

387 

1,150 

7 

i 

.196 

6 

.3,600 

18,400 

38,600 

382 

1,150 

8 

5> 

)5 

5r 

1,500 

7,000 

" 

166 

795 

9 

)) 

)> 

C} 

1,810 

9,400 

»> 

187 

584 

2500 

1 

— 1 

i 

n 

y 

^ 

y 

y 

D 

l.JCO 

' 

ny 

y 

o 

P 

1000 

> 

y 

'  o 

o 

z' 

y 

500 

y6 

■/'— 

^ 

A 

0 

^ 

y 

" 

0  10(J  200  300  4W)  500  000 

Bond  in  lbs. /in-. 

Fio.  1. — Relation  Bet\ve:en  Bond  and  Compressive    Strength. 
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TABLE  VI. 

Values  of  Bond  Developed  fob  Rods  of  Different  Diameters. 

Age  of  specimens  28  days.     Compressive  Strength  of  1:2:4  Concrete 

1,150  Ibs./in.s 


c 

•♦J 
En 

-3 
«  m 

.S  " 

a 

■1 

Depth 

Imbedded 

(in  ins.) 

Maximum 
Load 

(in  lbs.) 

Stress  in 
Rod 

in  lbs  /in.-) 

Elastic 

Limit 

in  Ibs./in.*) 

□ 

O    IB 

□ 

Fictional 
Resistance 
(in  lbs./in,«) 

a 
.2 

'a 

c 
o 

CQ 

— ■ 

— ' 

' — ■ 

1 

A 

.0276 

6 

1,160 

42,000 

93,700 

327 

267 

.82 

2 

^ 

.0491 

j> 

2,525 

51,500 

53,000 

535 

415 

.83 

3 

3 

.1100 

»> 

3,200 

29, 100 

51,600 

454 

370 

.82 

4 

I 

.1960 

>» 

3,600 

18,400 

38,600 

382 

276 

.72 

5 

T^f 

.2480 

J) 

4,100 

16,500 

36, 400 

387 

'284 

.75 

H 

6 

.3070 

>» 

4,600 

15,000 

42,300 

39  i 

340 

.87 

7 

8 

.4420 

)) 

4,600 

10,400 

42,200 
Average. 

327 

270 

.82 

400 

322 

.80 

8 

tV 

.0276 

8 

1,7.:0 

63,400 

93, 700 

372 

350 

.94 

9 

i- 

.0491 

)> 

1,800 

36,700 

53,000 

286 

255 

.89 

10 

3 

.1100 

)) 

3,200 

29, 100 

51,600 

310 

170 

.50 

11 

i 

.1960 

" 

4,000 

20, 400 

38,600 

318 

270 

.85 

12 

TT 

.2480 

?> 

4,400 

17,700 

36,400 

311 

276 

.89 

13 

5 

f 

.3070 

jj 

3,900 

12,700 

42,300 

248 

210        .86 

14 

.4420 

>j 

5,500 

12,400 

42,200 
Average . 

292 

265 

.91 

310 

257 

.83 

Table  VI  gives  the  results  of  tests,  all  of  which  were  made 
from  the  same  batch  of  concrete.  It  will  be  noted  that  the  aver- 
age bond  of  the  6-inch  specimens  was  400  lbs. /in-.,  while  that 
developed  l)y  the  S-inch  was  only  310  Ibs./in'-.  The  frictional 
resistance  changed  in  a  like  manner.  For  the  6-inch  and  the 
8-inch  specimens,  the  frictional  resistance  averaged  80  per  cent 
and  83  per  cent  respectively  of  the  bond  stress. 

An  attempt  was  made  to  ascertain  the  effect  upon  bond  of 
bending  over  the  end  of  the  bar.  For  this  purpose  the  bars  were 
bent  at  right  angles  two  inches  from  the  end.  In  making  the 
speciiiiiMi.  Ilic  l,ai-  wa.s  placed  in  the  center  of  the  mold  with  the 
l)end  on  the  bottom  and  extending  towards  a  corner.  These 
specimens  were  made  from  the  same  batch  as  those  of  Table  VI. 
A  comparison  of  the  bond  of  straighl  and  bent  rods  is  given  in 
Table  VI 1. 
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TABLE  VII. 

Comparison  Between  Bond  of  Straight  and  Bent  Rods. 
Age  of  specimens  28  days.  Compressive  strength  of  concrete  1, 150  lbs./ in. ^ 
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5,600 

5,500 

IV.  COMPRESSION  TESTS. 


With  every  batch  of  concrete,  one  or  more  specinien.s  were 
made  to  determine  the  compressive  strength  of  the  mixture.  In 
general,  two  of  these  specimens  were  made  at  a  mixing,  a  4-inch 
cube  and  a  cylinder  6  inches  in  diameter  and  18  inches  long. 
Particular  care  was  taken  in  making  the  cylinders.  Cast  iron 
molds  with  ends  planed  parallel  and  the  inside  ground  to  a 
uniform  bore  were  employed.  These  were  oiled  and  set  up  on 
a  horizontal  slate  slab.  The  concrete  was  puddled  with  a  :J-inch 
rod  as  it  was  poured  into  the  mold  so  that  the  surface  would  be 
free  from  air  holes.  An  excess  of  material  was  placed  upon 
the  top  to  allow  for  settling,  it  was  found  that  at  the  end  of 
a  half  hour  most  of  the  settling  had  ceased.  The  head  of  the 
cylinder 'was  then  carefully  leveled  off  with  a  trowel.  All  cubes 
and  cylinders  except  S,,  and  S4  were  cured  in  air.  These  -were 
stored  in  water  after  two  days  in  the  molds. 

[13] 
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In  testing,  those  cylinder's  whose  tops  were  uneven  were  im- 
bedded in  plaster  of  paris.  These  are  marked  with  an  asterisk 
in  the  tables.  The  others  were  bedded  on  two  sheets  of  blotting 
paper  at  the  top  and  bottom.  The  cubes  were  also  bedded  on 
blotting  paper. 

Plate  I  shows  the  eompressometer  for  measuring  deformations 
of  cylinders.     The  apparatus  consists  essentially  of  two  collars 


Plate  I.  Compressometer  Apparatus. 
which  are  separated,  while  the  instrument  is  being  put  on.  by 
a  12-inch  gauge  bar.  On  the  back  side  of  the  upper  collar  is 
a  slotted  pin  to  which  is  attached  one  end  of  a  No.  32  covered 
copper  wire.  The  wire  is  carried  vertically  downward  parallel 
to  the  axis  of  the  cylinder  to  a  pulley  mounted  on  the  lower 
collar.     It  is  tlien  led  ai-ound  the  test  piece  by  means  of  a  pulley 
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with  its  axis  vertical,  to  a  third  pulley  from  which  it  is  carried 
vertically  to  the  drum  of  a  dial  fastened  on  the  upper  collar. 
A  small  weight  serves  to  keep  the  wire  taut.  The  dial  has  a 
screw  and  lock-nut  attachment  which  allows  it  to  be  removed 
and  placed  upon  other  apparatus.  The  circimiferenee  of  the 
dial  is  graduated  into  1,000  par-ts.  As  the  dial  drum  is  1  inch 
in  circumference,  the  vernier  attachment  makes  readings  to  one 
ten-thousandth  of  an  inch  possible. 

This  form  of  apparatus  proved  very  efficient  and  satisfactory 
in  this  work.     Its  advantages  are : — 

An  average  deformation  of  both  sides  of  the  specimen  is  ob- 
tained by  reading  only  one  dial. 

The  apparatus  can  be  quickly  adjusted.  Only  a  minimum 
amount  of  time  is  consumed  in  taking  readings.  In  fact,  this 
may  be  done  without  stopping  the  machine. 

It  is  not  necessary  to  touch  the  apparatus  after  the  test  is 
started. 
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Deformation  per  unit  of  length. 
Fig.   2. — Cylinders — Stiiess-Deformation   Curves  for  D,,,  En,  L  and  Jo. 
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TABLE  VIII. 

Comparison  of   Compressive   Strength    of    Cylinders    and    Cubes, 

Concrete  1:2:4, 
Age  of  specimens  28  days. 


Total 

Unit 

Total 

Unit 

Name. 

Load  on 

Stress  on 

Load  on 

Stress  on 

Cyl. 

Cube 

Cube 

Cylinder 

Cylinder 

Cube. 

(in  lbs.) 

(in  lbs.) 

(in  lbs.) 
57,600 

(in   lbs.) 
2,040 

Ai 

31,000 

1,940 

1.05 

c 

40, 300 

2,520 

59, 800 

2,110 

0.84 

c. 

37,700 

2,360 

68,000 

2,400 

1.02 

D, 

25,900 
27,000 

1,620 
1,690 

D 



65,300 

'■"2,"  .316'" 

""■i!37"" 

Ex 

22, 200 

1,390 

57,000 

2.020 

1.45 

E. 

28,000 

1,750 

54,700 

i;940 

1.11 

Pi 

32,000 

2,000 

62, 800 

2,215 

1.11 

F 

21,300 

1,960 

58, 000 

2,050 

1.05 

Gi 

22, 800 

1,430 

44, 600 

1,580 

1.10 

G. 

29,000 

1,810 

42,000 

1,485 

0.82 

H, 

38,900 

2,430 

45,000 

1,590 

0.665 

H, 

20, 900 

1,310 

34,000 

1,200 

0.915 

I: 

39,500 

2,500 

53,000 

1,870 

0.75 

la 

36,000 

2,250 

62,500 

2,210 

0.98 

Ji 

32,600 

2,040 

67,500 

2,380 

1.17 

J.. 

46,000 

2,870 

75,000 

2,650 

0.925 

Ki 

22,000 

1,380 

44,400 

1,570 

1.14 

K, 

26,000 

1,620 

40, 000 

1,410 

0.87 

Li 

29,000 

1,810 

47, 100 

1,660 

0.915 

L, 

30,000 

1,880 

42,CK)0 

1,490 

0.79 

m; 

20,. 300 

1,270 

38,000 

1,340 

1.05 

M, 

24, 100 

1,510 

41,. 300 

1,460 

0.97 

N, 

24,500 

1,5.30 

47,500 

1,680 

1.10 

Na 

30, 800 

1,930 

51,700 

1,830 

0.95 

p, 

20,000 

1,250 

37,500 

1,3.30 

1.06 

p. 

18,000 

1,120 

40,500 

1,430 

1.28 

Ri 

32,  .300 

2,020 

40,000 

1.410 

0.70 

R, 

22, 200 

1,.390 

50,000 

1,770 

1.27 

T. 

29,500 

1,840 

45,000 

1,590 

0.865 

T, 

2?, 400 

1,400 

38, 800 

1,370 

0.98 

v; 

36,200 

2,230 

63,800 

2,250 

1.01 

V. 

28,250 

1,770 

50,000 

1,770 

1.00 

S,  dry 

21,600 

1,3.^0 

39,000 

1,.380 

1.02 

S.    " 

19,000 

1,190 

36, 700 

1,300 

1.09 

S.  wet 

22,800 

1,420 

35, 700 

1,260 

0.89 

S.     " 

28,000 

1.750 

47.500 

1,680 

0.96 

Aven 

ige 

1,755 

1,750 

1.00 

[10] 
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TABLE  IX. 

Moduli  of  Elasticity  of  Cylinders. 


Max. 

Initial 

600  lbs.  persq.  in 

Ultimate 

CYL. 

Stress 

Modulus 

Modulus 

Modulus 

(in  lbs./ in. 3) 

(in  lbs./  in .  ^) 

(in  Ibs./in.-) 

(in  lbs./ in.*) 

C3 

■2,400 

2,800,000 

2,800,000 

1,400,000 

D. 

2,310 

2,900,000 

2,900,000 

1,800,000 

E. 

1,940 

3,000,000 

2,700,000 

1,400,000 

•    S^ 

2,21c 

2, 700, 000 

2,700,000 

2, 000, 000 

F, 

2,050 

4,100,000 

3, 400, 000 

2,200,000 

G\ 

1,580 

2,900,000 

2,500,000 

1,800,000 

G3 

1,485 

2, 600, 000 

(        2, 500, 000 

1,700,000 

H: 

1,590 

3,100,000 

3, 100, 000 

2,600,000 

Hj 

1,200 

2.300,000 

1,600,000 

1,100,000 

I. 

1,870 

3,000,000 

2.200,000 

1,200.000 

1. 

2,210 

2,600,000 

2,400.000 

1,500,000 

J: 

2,380 

3,600,000 

3,400,000 

1,900,000 

7.^ 

2,6f0 

3,-300,000 

3,  .300, 000 

2,200,000 

*Ki 

1,570 

3,000,000 

2,700,000 

1,300,000 

K, 

1,410 

2,200,000 

2,000,000 

900. 000 

*L, 

1,660 

2,900,000 

2,400,000 

1,600,000 

*L. 

1,490 

4,100,000 

2.200,000 

1,100,000 

.^^ 

1,340 

L',  600, 000 

1.9(00,000 

1,400,000 

^« 

1,460 

6,500,000 

3,500,000 

1,100,000 

Ni 

1,680 

2,100,000 

1,700,000 

1,100,000 

N, 

1, 830 

3,800.000 

2.800,000 

1,200,000 

Pi 

l,a30 

2, 500, 000 

2,. 300, 000 

1,500,000 

P2 

1,430 

2,300,000 

2,000,000 

1,200,000 

S' 

1,410 

3, 200, OOC 

2,700,000 

1,800,000 

R. 

1,770 

3,100,000 

2,700,000 

1,600,000 

*s: 

1,380 

.3,000,000 

2,200,000 

1,100,000 

*T, 

1,590 

3,100,000 

2,500,000 

1,400,000 

*T, 

1,370 

2,200,000 

2,100,000 

1.300,000 

*Vi 

2, 250 

3,700,000 

3,000,000 

1,700,000 

*V3 

1,770 

3,200,000 
Average 

2,800,000       i 
2,560,000 

1,400,000 

t*s. 

1,260 

4,500,000 

3,300,000 

2,100,000 

t*s. 

1,680 

3,300,000 
Average 

3,200,000 
3,250,000 

1,200,000 

♦Cylinders  bedded  in  plaster  paris. 
tCylinders  cured  in  water. 
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Table  YIII  shows  a  comparison  between  the  strength  of  the 
cylinder  and  cubes.  In  spite  of  precautions  taken  in  propor- 
tioning and  mixing  to  secure  a  uniform  product,  a  wide  varia- 
tion will  be  observed  in  the  strength  of  the  concrete.  This  is 
attributed  largely  to  the  poor  quality  of  the  sand.  However, 
it  will  be  noticed  that  the  average  strengths  of  both  kinds  of 
specimens  are  the  same.  This  may  be  due  to  the  fact  that  the 
cylinders,  although  weaker  than  the  cubes  on  account  of  their 
height,  had  proportionally  less  surface  to  dry  out.  Conse- 
quently the  interior  of  the  cylinders  suffered  less  from  evapora- 
tion. 

Table  IX  contains  calculated  values  of  moduli  of  elasticity. 
The  quantities  given  in  columns  3,  4  and  5  represent  the  slopes 
of  lines  a,  b,  and  c,  Figs.  2,  3,  and  -4,  drawn  on  the  stress  de- 
formation curves  of  the  specimens.  Figs.  2,  3,  and  4  give  a 
number  of  representative  curves.  In  nearly  all  cases  the  curve 
is  practically  a  straight  line  up  to  a  stress  of  400i  lbs. /in-.  In 
many  instances,  lines  a  and  b  coincide.  The  average  slope  of 
line  b  for  the  series  is  2,600.000  lbs. /in-. 

Cubes  and  cylinders  Sj,  So,  S3  and  S^  were  made  from  the 
same  batch  of  concrete.  Cylinder  S3  and  S4,  which  were  cured 
in  water,  showed  greater  stiffness  and  strength  than  cylinder 
Sj.  The  stress-deformation  curve  for  cylinder  So  was  not  ob- 
tained. 

Y.  BEAMS. 

Method  of  Making: — As  the  laboratory  floor  'was  uneven,  it 
was  necessary  to  use  forms  with  bottom  boards  which  could  be 
leveled  up.  The  general  plan  of  mold  is  shown  in  Fig.  5.  All 
lumber  Avas  dressed  on  the  inside.  The  braces  were  spaced 
from  2^  feet  to  3  feet  apart.  By  shortening  the  lengths  of  the 
cleats  c-c  and  using  higher  blocks  under  the  bottom  boards,  beams 
of  less  depth  could  be  molded  in  the  same  forms.  For  shorter 
beams,  the  cleats  were  moved  towards  the  center  of  the  span. 
At  each  end  of  the  forms,  f-inch  holes,  h.  were  bored  through 
the  sides  at  points  midway  the  depth  of  the  beam  and  over  the 

[19] 
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Fig.  5. — Forms. 


points  of  support.  The  I'V-iiich  rods  were  niu  through  the 
holes  and  left  in  the  beam.  These  served  to  hold  the  deflection 
apparatus.  "Where  reinforcement  was  placed  in  the  tops  of 
beams,  a  constant  ver'tical  position  was  secured  by  resting  it  upon 
jV-inch  rods  r-r  stuck  through  the  forms.  These  rods  were 
pulled  out  Avhen  the  forms  were  removed. 
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Fig.  6. — Stirkup.s. 


Fig.  6  shows  the  kind  of  stirrups  used  for  web  reinforcement 
in  the  overhanging  and  tee  beams.  Stirrups  shown  at  (a) 
were  used  in  the  overhanging  beams  Avhere  the  bending  moment 
Avas  negative;  those  shown  at  (1))  wliei-c  it  was  positive.  In  tee 
beams  the  height  of  tlie  rods  above  the  bottom  of  the  beam 
could  be  regulated  by  bending  the  wing  of  the  stirrup.  Lon- 
gitudinal spacing  of  the  stirrups  is  show  r.  in  Figs.  17,  18,  19,  24 
and  25.  Where  expanded  metal  was  used  in  tee  beams,  it  was 
bent  around  the  rods,  fonning  a  U.  In  the  overhanging  beams, 
two  separate  vertical  sheets  were  usihI.  Tin  se  were  not  con- 
nected to  the  longitudinal   reinforcement. 

[20T 
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Plate  II. — Overhaxgixg  Beam  N,  Ready  to  be  Tested. 
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The  method  of  mixing-  has  already  been  outlined  (see  page 
596).  In  placing  the  concrete,  care  was  taken  to  keep  all  rein- 
forcement in  its  proper  position.  This  was  especially  necessary 
in  putting  concrete  around  the  stirrups  in  tee  beams. 

Testing: — The  machine  used  for  this  purpose  was  an  Olsen 
100,000-pound  beam  machine.  Power  was  furnished  by  an  oil 
pump  operated  by  hand.  All  beams  were  supported  on  a  knife 
edge  at  one  end  and  a  tipple  at  the  other.  Loads  were  applied 
through  knife  edges  to  flat  plates  resting  upon  the  beams. 
Rocker  bearings  were  used  to  secure  an  even  distribution  of 
pressure.  In  testing  the  simple  beams,  loads  were  applied  at 
the  third  points  of  the  span.  Plate  II  shows  how  the  load  was 
applied  to  the  overhanging  beams.  Precautions  were  taken  in 
setting  up  these  beams  to  secure  uniformity  in  loading.  As 
breaks  occuiTed  at  either  end  of  the  span  and  in  some  cases 
simultaneously  at  both  ends,  it  is  believed  that  this  method  of 
loading  was  sufficiently  exact  for  this  class  of  work. 

Deflections  of  the  center  of  the  span  were  taken  in  all  cases. 
In  the  simple  beams,  the  apparatus  consisted  of  a  taut  thread 
attached  to  the  pins  over  the  points  of  support  and  a  mirror  and 
scale  placed  at  the  middle  of  the  beam.  The  thread  was  lined 
up  with  its  image  in  the  mirror  and  the  scale  reading  noted  to 
the  nearest  hundredth  of  an  inch.  A  much  more  accurate  de- 
vice was  employed  for  the  overhanging  beams.  Fig.  7  illus- 
trates this  device  mounted  upon  a  simple  beam.  Two  wooden 
bars  R-R,  one  on  each  side  of  the  beam,  are  supported  upon 
pins  Z-Z.  At  the  middle  of  the  beam  is  placed  an  adjustible 
transverse  yoke  consisting  of  two  small  horizontal  wooden  pieces 
and  vertical  bolts  on  either  side.  Two  pulleys  I-I  are  attached 
to  the  lower  part  of  the  yoke  with  their  planes  perpendicular 
to  the  axis  of  the  beam.  A  No.  32  covered  copper  wire  is 
hitched  to  a  pin  in  the  middle  of  one  of  the  bars  and  carried 
vertically  downward  around  the  yoke  pulleys  and  up  again  to  a 
pulley  on  the  opposite  side  bar  from  which  it  is  led  to  a  dial  X, 
also  fastened  to  the  bar.  A  weight  AV  serves  to  keep  the  wire 
tight.  The  apparatus  can  be  easily  and  quickly  adjusted  so 
that  the  wires  on  both  sides  of  the  beam  are  vertical.     Thus  a 


WITHEY PLAI^'    AXD    KEIXFOKCED    COXCRETE 


23 


24  BULLETIN    OF    THK    UXIVERSITY    OF    WISCONSIN 

means  is  furnished  to  measure  the  deflection  of  both  sides  of 
the  beam  with  one  reading  of  the  dial.  It  is  possible  by  this 
method  to  take  readings  to  one  ten-thousandth  of  an  inch.  For 
these  tests  the  readings  were  taken  to  the  nearest  one-thous- 
andth of  an  inch.  Plate  II  shows  the  general  arrangement  of 
this  apparatus  on  the  overhanging  beams.. 

Extensometer  readings  to  determine  the  fibre  deformations 
were  taken  in  the  tests  made  on  simple  beams.  A  general  view 
of  this  apparatus  is  shown  in  Plate  III.  Covered  copper  wires 
were  attached  to  the  uprights  at  the  left  and  carried  around 
the  dial  drums  on  the  right.  One  of  the  weights  for  keeping 
wires  taut  is  sho'vvn  just  below  the  lower  dials.  For  any  one 
series  of  tests,  a  uniform  position  was  adopted  for  the  extenso- 
meter. 

Computations: — In  computing  stresses  in  the  steel  and  con- 
crete in  beams  of  Series  A  and  B,  the  stress-deformation  dia- 
gram for  the  concrete  was  assumed  to  be  a  full  parabola.  No 
value  was  placed  upon  the  strength  of  the  concrete  in  tension. 
The  formulae  used  were : — 

f,  =  ^  (2) 

M  =  maximum  bending  moment. 
fp  =  unit  stress  in  concrete. 

fg  =  unit  stress  in  steel, 
b  =  breadth  of  beam. 

d  =  distance  from  the  top  of  beam  to  center  of  steel. 
kd  =  distance  from  the  top  of  beam  to  the  neutral  axis. 
A  =  area  of  the  steel  in  tension. 

In  the  beams  of  Series  B,  the  stress  in  the  concrete  was  cal- 
culated from  the  following  formula: — 

f.A— f'    A' 
i  kbd 
'g  =  unit  stress  in  the  compression  reinforcement.     (Obtained   from  de- 
formations.) 
A '  =  area  of  the  compre.ssion  reinforcement. 

[24] 
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Plate  III. — Faih  rk  Cracks  in  Bkams  P,,  V,  and  OvERiiANCiNti  Bicam  A; 
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Stresses  in  the  steel  in  the  overhanging  beams  were  computed 
from  the  following  formula : — 


■f,  =  -fEJLd4-[aE^Ld)^+|^]^ 


(4) 


M  =  bending  moment. 

E  =  modulus  of  elasticity  of  steel  =  30,000,000  Ibs./in.- 

A  =  deflection  in  the  middle  of  the  span. 

L  =  constant  depending  upon  the  length  of  span  and  manner  of  loading, 

d  =:  effective  depth  of  beam  =  distance  from  top  to  center  of  steel. 

This  formula  depends  upon  the  assumption  that  rods  in  a 
concrete  beam  obey  the  same  laws  as  a  portion  of  a  steel  beam 
similarly  located  with  respect  to  the  neutral  surface.  It  was 
derived  by  combining  equation  (2)  'with  fs=:  (1 — k)  d  E  zf  L. 
The  latter  equation  is  a  form  of  the  ordinary  equation  for  stress 
in  terms  of  the  deflections,  etc.  To  test  the  formula,  stresses 
were  computed  for  a  number  of  beams  made  by  different  in- 
dividuals. In  Table  X  is  given  a  comparison  of  the  stresses 
in  the  steel  obtained  by  moments,  deformations  and  deflections. 
In  figuring  the  stresses  by  moments,  formula  (2)  was  used.  It 
will  be  seen  that  the  stresses  in  the  steel  as  figured  from  the  de- 
flections formula  (4)  are  very  nearly  the  same  as  those  calcu- 
lated by  the  other  methods.  The  values  of  k  as  obtained  from 
the  above  formula  is  in  general  larger  than  that  computed  from 
extensometer  readings. 

To  obtain  the  stresses  in  the  steel  in  tee  beams,  the  assump- 
tion  was   made   that   centroid  of   the   compressive   stress   was 

^      A(d-h2)  ^^^ 

at  the  center  of  the  flange,  and  fonnula  (5)  was  used.     In  this 
expression,  h  is  the  depth  of  the  flange. 

As  the  distribution  of  stress  in  beams  with  web  reinforce- 
ment is  very  uncertain,  it  did  not  seem  advisable  to  attempt  to 
calculate  values  of  the  diagonal  tension. .  The  mean  intensity 
of  the  vertical  shear  developed  can  be  readily  obtained  and 
serv6s  as  a  measure  of  the  resistance  of  a  beam  against  this  in- 
clined web  stress.     The  formula  used  was: — 

r2ni 
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V  =  the  mean  intensity  of  vertical  shear. 

V  =  the  total  maximum  shear, 
b  =  breadth  of  cross-section. 

d  =  effective  depth  of  cross  section. 

In  the  tee  beams,  the  shear  was  assumed  to  be  carried  by  the 
web. 


TABLE  X. 

Stresses  in  Tensile  Reinforcement  Compcted  by 
Various  Methods. 

Modulus  of  Elasticity  of  Steel  =  .30,000.000  lbs    in. 2 


^    — ^ 

Stress  in  Steel  in 

lbs  /in.^ 

Beam 

E  4J 

<l)    CO 

.4^ 

02  B 

02  = 
cc  S 

0  -C- 

0 

Mom. 

Def. 

Defl. 

Talbot. 

1901 

No.  14 

1.60 

14 

12x12 

.458 

29,900 

30,200 

31,000 

No.    4 

2.00 

14 

12x12 

.469 

29,800 

33, 800 

30, 800 

No.    5 

1.20 

14 

12x12 

.417 

30,000 

30,600 

.30, 400 

No.  22 

2.40 

14 

12x12 

.656 

2S, 400 

33, 800 

28, 900 

No.    9 

.75 

'       12 

12x12 

.312 

63,500 

70,000 

64,700 

No.  21 

.59 

12 

12x12 

.333 

36,000 

.32, 900 

33, 300 

No.  19 

.59 

12 

12x12 

.375 

42, 400 

37,400 

40, 900 

No.  28 

2.19 

12 

12x12 

.614 

42,800 

50,300 

4  4.. 300 

No.  27 

2.25 

12 

12x12 

.532 

32,600 

31,900 

33, 100 

No.    7 

.6') 

12 

12x12 

.312 

57,300 

58,300 

56, 900 

No.    3 

.60 

12 

12x12 

.302 

52,700 

52,600 

53,000 

1905 

No.    5 

.785 

12 

8x10 

.450 

45,000 

39,600 

44,000 

No.  11 

.785 

12 

8x10 

.490 

46,000 

46,000 

47,000 

No.  48 

.785 

l-i 

8x10 

.440 

37, 800 

37,800 

38, 800 

MORITZ. 

No.  1.3 

1.57 

12 

7|x9.9 

.575 

40, COO 

50,400 

43,000 

No.  11 

1.37 

12 

7Jx9.9 

.4J-0 

40, 500 

60,000 

45,700 

No.  15 

1.57 

12 

7fx9.9 

.580 

39,0('0 

45,000 

40,600 

No.    9 

1  37 

12 

7.^x9. 'J 

600 

42, 800 

47,400 

44,200 

U.  W. 

1906 

Pi 

2.20 

12 

7^x9? 

.670 

.35,200 

36,000 

.35,000 

Pa 

2.20 

12 

7^x93 

.680 

31,600 

33.000 

32,400 

K, 

2.20 

12 

7-'x9,' 

.590 

.35^,000 

39,000 

39,500 

R, 

2.20 

12 

7?x9| 

.600 

.39,100 

.39,000 

.39,600 

Sx 

2.20 

12 

71x9? 

.570 

.32.800 

.33,000 

32, 900 

S, 

2.20 

12 

7|x9J 

.560 

35,700 

33, 800 

35,800 

l^ 

2.20 

12 

7Jx9j 

.510 

36, 100 

36,000 

36,800 

T3 

2  20 

12 

7^x9» 

.550 

42,500 

42, 000 

43,400 
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1.      BEAMS  OF  SERIES  A. 

In  order  to  make  a  comparison  between  the  compressive 
strength  of  concrete  in  a  beam  and  that  in  a  cube,  four  beams 
were  made,  reinforced  and  dimensioned  as  shown  in  Fig.  8. 
A  large  percentage  of  reinforcement  was  used  to  insure  against 
tension   faihires.     The   beams,   four  cylinders  and  four  cubes 


F:g.  8 


Three  s'  ^c^uare  Cor-z-c/^atec/  Bans 
-Beams  of  Series  A — Reixforcemext. 


were  made  from  one  batch  of  concrete.  After  two  days  in  the 
molds,  S3  and  S4  beams,  cylinders  and  cubes  were  immersed  in 
water  for  26  days  while  the  others  were  cured  in  air.  Table  XI 
contains  the  results  of  this  series.  The  loads  given  include  the 
weight  of  the  beam.  Beams  cured  in  air  weighed  235  pounds^ 
while  those  cured  in  water  weighed  260  pounds. 

The  value  of  k  was  calculated  from  extensometer  measure- 
ments. The  stresses  in  column  S  are  the  averages  for  a  cylinder 
and  a  cube. 

TABLE  XI. 

Simple  Beams.     Series  A. 

Span  6  ft.     Loads  at  the  \  Points.     2J  per  cent  Reinforcement. 


J3 

Stress  in  Steel 

V>    03 

03 

(in  Ibs./in.-) 

^^.- 

a 

^  .0 

Q 
II  2 

§1 

On 

a  a  c 

■fi  a 

a 

-% 

fa 

0 
0  a 

■^  0 

c 
i  2 

-  a 

03   rt 

n 

0" 

c 

5 

73  "^ 

3 

0 

2 

0^ 

^1 

27,100 

fa*" 

36,000 

03  a> 

tea 
(B) 

'Jl 

(S) 

s, 

7,801' 

C 

585 

7,000 

.580 

l,740l  1,285 

1.22 

s 

7,000 

C 

52.3 

6,0(0 

.610 

2.3,600 

36,000 

1,441) 

i,32r 

s 

8,000 

DT 

600 

7,000 

.560 

26, 800 

31,500 

1,780 

1,360 

1.17 

B. 

8, 760 

C 

657 

7.(J00 

.545 

26,600 

48.000 

1.8:W 

1,715 

C  =  Compresaicn.     DT   -  Diagonal  Tension. 

(281 


WITHEY PLAI^'    AXD    EEIXFORCED    COXCEETE  29 

Beams  S^,  S,,  and  S^  failed  iu  compression,  the  concrete 
crushing  at  the  top  in  the  middle  of  the  span.  Beam  S3  failed 
in  diagonal  tension.  The  crack  opened  up  from  a  tension  crack 
about  6  inches  outside  the  load,  spread  diagonally  to  the  load 

and  along  the  plane  of  the  reinforcement.     The  values  of     ,-^r- 

bd- 

are  low  for  such  a  high  reinforcement.  This  fact  is  due  largely 
to  the  low  crushing  strength  of  the  concrete.  In  column  B  is 
given  the  unit  compression  developed  as  calculated  by  formula 
(1).  In  the  last  column  of  the  table  is  given  the  ratio  of  the 
calculated  strength  of  the  concrete  in  the  beam  to  that  iu  the 
compression  specimens.  In  all  eases,  the  computed  stress  in  the 
beam  is  greater  than  that  developed  in  the  cubes  and  cylinders. 
This  difference  is  more  marked  in  the  specimens  cured  in  air. 
Also  a  comparison  of  the  stress-deformation  curves  for  the  con- 
crete in  the  beams  and  for  the  cylinders  shows  that  the  concrete 
in  the  beams  withstood  a  greater  deformation.  These  facts 
seem  to  indicate  that  a  higher  compressive  stress  is  developed 
in  a  beam.  The  stress  on  an  elementary  cube  in  a  beam  is  more 
uniformly  distributed  owing  to  the  perfect  end  conditions,  con- 
sequently a  greater  strength  and  larger  deformation  may  rea- 
sonably be  expected.  The  action  of  the  air  has  a  greater  effect 
upon  the  strength  of  a  small  specimen  than  upon  a  larger  one, 
so  that  the  compression  specimens  would  suffer  more  when 
cured  in  air  than  the  beams.  It  will  be  noted  in  Figs.  9  and  10 
that  the  beams  cured  in  water  were  both  stiff er  and  stronger 
than  those  cured  in  air. 


1.       BEAMS  OF   SERIES  B. 

To  determine  the  effect  of  reinforcement  in  the  compression 
side  of  a  beam,  eight  simple  beams  were  reinforced  and  dimen- 
sioned as  shown  in  Fig.  11.  The  amount  of  reinforcement  used 
in  the  tension  side  was  made  high,  2.9  per  cent,  to  balance  the 
extra  compression  resistance  afforded  by  the  top  reinforcement. 
Only  one  beam  was  made  from  a  batch  of  concrete.  The  beams 
weighed  about  1200  pounds  each. 
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The  manner  in  Avliieh  these  beams  failed  can  best  be  seen  by 
a  study  of  Fig.  11.  The  cracks  are  numbered  in  order  of  tlieir 
appearance.  It  will  be  observed  that  tension  cracks  first  ap- 
peared, as  would  l)e  expected,  in  the  middle  portion  of  the 
span.     In  general,  diagonal  tension  cracks  started  from  tension 
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Fk;    U. — Bkams  oi'  Si:nii:s  B — Ri:  moiu  k.mknt  and  Ci!A(  ks. 

cracks  between  the  load  and  the  support,  spread  toward  the 
load  and  then  out  along  the  plane  of  the  rods.  Cracks  22  and 
23  in  beam  T^  illustrate  the  way  in  which  these  cracks  de- 
veloped. Plate  III  shows  the  compression  I'aihii'c  in  beam  P, 
and  the  diagonal  tension  break  in  beam  Vo. 
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TABLE  XII. 
Simple  Beams.      Series  B. 
Stre3383  in  Steel  aad  Coacrete.      2.9  per  cent  Reinforcecnent  in  Tension 
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Stress  in    Steel. 

73 

o 

p. 

(inlbs.  in. -J 

C    03 

.s 

CD 

s 
m 

3 

r2 

SI 

Q 

III 

u 

o 

CO    P 

c  a  c" 

•Mi 

J3  3  — 

a 

ee 

a 

o 

KJM 

•^ 

CC  "- 

a. 

o 

c  *« 

o  ^  a 

''^c 

71"m 

.2 

o 

d 

M 

c  ^-^ 

Cu 

El,"""          fo  " 

(B) 

(S) 

P3 

p, 

C 

22,160 

.670 

35,200    .36,000 

2,260 

1,290 

1.75 

p.. 

C&DT 

20, 160 

.675 

31,6001  33,00) 

2,050 

1,275 

1.61 

Ri 

2 

DT 

26,160 

.590 

39,000   .39,000 

40, 000 

2,370 

1,715 

1,43 

R, 

2 

DT 

26, 160 

.600 

39,100i  39,000 

45,000 

2, 260 

1,580 

1.46 

T, 

4 

DT 

22,160 

.570 

32.800'  .33,000 

.33,000 

1,610 

1,715 

1  0.94 

T, 

4 

DT 

24,160 

.565 

.35, 700 1  33,800 

36,000 

1,760 

1,385 

[  1.27 

V, 

6 

DT 

25, 160 

.510 

36,100    36,000 

28, 500 

1,780 

2,240 

i  0.79 

V. 

6 

DT 

29, 160 

.555 

42,500 

42,000 

39,000 

1,670 

1,770 

0.94 

Span  12  ft.     Loads  at  the  J  points. 

C  =  Compression  .      DT  =  Diagonal  Tension. 

Computed  data  from  these  tests  are  contained  in  Tables  XII 
and  XIII.  In  these  beams  the  stresses  in  the  lower  steel  as  com- 
puted by  the  two  methods  check  very  closely.  The  stress  in  the  up- 
per steel  in  beams  Rj  and  Rv,  must  have  been  beyond  the  elastic 
limit.  The  calculated  strength  of  the  concrete  in  the  beams  is 
considerably  higher  than  that  developed  in  the  compression 
specimens.  Even  in  beams  V^  and  V^,  which  were  heavily  rein- 
forced in  compression,  a  high  compressive  stress  was  borne  by 
the  concrete.  The  average  ratio  of  the  compressive  stress  in  thfe 
top  reinforcement  to  that  in  the  concrete  is  about  19  to  1.  The 
same  value  is  also  obtained  by  dividing  the  modulus  of  elasticity 
of  steel  by  the  average  ultimate  secant  modulus  of  cylinders  Ri, 
R2,  etc.  Owing  to  diagonal  tension  failures,  the  increase  in  re- 
sisting moment  supplied  by  the  compression  reinforcement  can- 
not be  accurately  estimated.      Table  XIII  shows  that  the  value  of 

~      is  increased  roughly  about  25  per  cent  b}^  the  addition  of 
\  l)er  cent  or  more  steel  in  the  compression  area  of  the  beam. 
3-w.  [33] 
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Figs.  12,  13,  14  and  15  show  that  the  stiffness  is  also  materially 
increased.  With  an  efficient  web  reinforcement,  beams  T^,  T,, 
Vj  and  Va  would  probably  have  sho\^^a  a  more  decided  increase 
in  strength  over  beams  Ri  and  Ro- 


Values  of  v  aud 


M 
bd-. 


TABLE  XIII. 
Beams  Series  B. 

Breadth  7|".     Effective  Depth  9|" 


Beam. 

Total 

Load 

Applied 

(in  lbs.) 

Kind  of 
Failure. 

Max. 

Moment 
(in  lbs.) 

M 

bd^. 

V 

(in 

lbs./in2.) 

Stress  on 

Cube  and 

Cyl. 

in 

lbs    in^.) 

Pi 

24,780 

C 

585,600 

794 

164 

1,290 

P., 

21,3^0 

C  &DT 

504,500 

683 

141 

1,275 

Ri 

28,740 

DT 

680, 500 

922 

190 

1,715 

r1 

27,840 

660,500 

895 

184 

1,580 

T, 

24,180 

.571,000 

774 

160 

1,715 

To 

31,260 

741,000 

1,003 

207 

1,385 

Vi 

27,580 

652,000 

884 

182 

2,210 

V 

31,380 

744,500 

1,008 

207 

1,770 

[34] 
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OVERHANGING   BEAMS. 

These  beams  were  made  with  t'^vo  objects  in  view ;  fii^t,  to  ap- 
proach as  nearly  as  possible  the  conditions  of  continuity  over 
supports;  second,  to  investigate  the  effects  of  different  kinds  of 
web  reinforcement  upon  the  strength  of  beams.     The  arrange- 


f^e^* 


i 


Beamss   No^.    /,3,3,d,&/0,arfc/\// 


^  -O 


jXL 


TkP^ 


2'-6~ 


e-o" 


Beo/r?^   rvos.    <4.^,S  atna^  7 


■/' 


// 
// 


i\. 


B&CffTTsS   ^o^    /^.  /J.  /^  an£/  /S. 


^ 


// 


^% 


\x 


X 


Fig.    16. — Beams   of    Series   C — Reixforcemext. 

ment  of  the  loads  is  shown  for  beams  of  Series  C  in  Fig.  16,  for 
those  of  Series  D  in  Figs.  17,  18  and  19.  In  each  case,  the 
loads  Avere  so  spaced  that  the  tangent  to  the  elastic  curve  over 
the  support  was  practically  horizontal.  Two-tenths  of  the  total 
load  was  applied  on  each  of  the  cantilever  portions  of  the  beam 
and  three-tenths  at  each  point  in  the  span. 

[39] 
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6.      BEAMS  OF  SERIES  C. 

These  beams  "were  made  two  at  a  mixing.  The  sand  and 
cement  used  in  beams  No.  2  and  No.  3  stood  mixed  over  night. 
Although  no  himps  were  visible  when  the  concrete  was  mixed, 
the  strength  of  both  beams  and  test  cubes  was  greatly  impaired. 
Table  XIV  gives  the  amounts  of  reinforcement  used  in  beams 
of  Series  C.  Fig.  16  shows  the  way  in  which  these  beams 
were  reinforced.  Rods  were  bent  up  in  pairs,  as  many  being 
bent  up  from  the  bottom  as  were  bent  down  from  the  top. 
In  beams  Nos.  4,  5,  6  and  7,  the  middle  upper  rod  was  also  bent 
down.  The  sizes  of  rod  used  and  the  effective  cross-section  of 
beams  is  given  in  the  table.  Number  of  rods  bent  refers  to 
those  turned  up  and  dowTi  between  middle  of  the  span  and  the 
suppoi-t.  In  testing  beams  Nos.  4,  6  and  7,  the  loads  were  ap- 
plied 21  inches  from  the  knife  edges  instead  of  24  inches,  as  in 
the  other  beams  of  this  series. 

Tables  XY  and  XVI  contain  data  computed  from  these  tests. 
All  loads  include  the  weight  of  the  beam.  Nos.  1  to  7  weighed 
about  420  pounds  each  and  Nos.  8  to  15  about  550  pounds.  The 
value  L  to  be  used  in  formula  (4)  is,  for  beauLs  as.  4.  6  and  7, 

^and  for  all  others,  3^^. 

All  of  these  beams  failed  in  diagonal  tension,  but  the  manner 
in  which  this  occurred  was  not  always  the  same.     In  beams  Nos. 

1,  4,  5,  6,  7,  12,  13,  14  and  15,  tension  cracks  first  opened  up 
either  at  the  middle  of  the  span  or  over  the  supports  at  loads 
given  in  Table  XVI..  Next  a  diagonal  crack  would  make  its  ap- 
pearance in  one  of  two  ways.  It  would  many  times  start  from 
a  tension  crack  in  the  top  and  run  diagoiuilly  at  an  angle  of  45° 
to  the  support  while  at  the  same  time  it  would  spread  horizon- 
tally ill  the  plane  of  the  rods  toward  the  load.  In  other  cases, 
the  ci-ack  would  appear  to  start  at  the  middle  of  the  beam  and 
spread  diagonally  downwaivl  to  Die  supporl  and  upward  in  the 
direetion  of  the  load  and  then  out  along  the  rod.     In  beams  Nos. 

2.  3,  S.  0,  10  and  11,  so  fjir  as  could  be  detected  by  the  naked 
eye.  the  diagonal  crack  was  the  first  to  make  its  appearance. 

[40] 
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TABLE  XIV. 
Reinforcement  of  Beams.     Series  C, 


Beam. 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 
11 
12 
13 
14 
15 


Effective 

Cross 

Section 

(in  ins). 


5|"x5" 
5^"s5" 
5| " x5 " 
5| " x5 " 
5^"x5" 

53 "x7" 
5f"x7" 
5f"x7" 
5|''x7" 
5f"x7" 
5|"x7" 
5f"x7" 
Sfx?' 


Per  cent. 

Steel 

in  Top. 


1.96 

3.27 

3.27 

1.2s 

1.28 

1.84 

1.84 

2.04 

2.04 

3.10 

3.10 

1.28 

1.28 

1.63 

1.63 


Per  cent. 

Steel 
in  Bottom 


Area 
Steel  in 
Bottom. 


"i'io' 

.33 

1.50 

.45 

1.50 

.45 

0.65 

.196 

0.65 

.196 

1.02 

.306 

1.62 

.306 

1.22 

.590 

1.22 

.590 

1.63 

.785 

1  63 

.785 

0  65 

.306 

0.65 

.306 

0.92 

.442 

Number 
Kods. 


0.92 


.442 


3,  V 

O  s» 

'^y  'S 

5,  V' 

^'  tV  ' 

5,  I" 

^»  I'g 

4,  y 

4,  r 

<J»  ?^ 

*»  16 


5,  f' 

3,  i" 

5,  I' 

3,  I" 

4,  i' 

4  11" 

*»  1  s 

4,  i" 

4,  iV 

4.  A" 

4,  t'." 

4,  r 

4,  5" 

4,  i" 

4,  r 


Elastic 
Limit. 

(in 
lbs./in.») 

44,000 
51,000 

44,000 
47, 000 

44,000 
47,000 

48,500 
52,000 

48, 500 
52, 000 

51,000 
48, 500 

51,000 
48,500 

44,000 
44,000 

44,000 
44,000 


44,000 


44,000 

47,000 
48,500 

47,000 
48, 500 

44,000 
51,000 

44,000 
51,000 


[41] 
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However,  the  high  stress  in  the  steel,  at  the  time  of  this  first 
visible  crack,  indicates  that  tension  cracks  too  fine  to  be  visible 
must  have  previously  formed.  The  growth  of  the  crack  in 
these  beams  was  similar  to  that  already  described,  except  that 
it  was  verj^  much  more  rapid. 


TABLE  XV. 
Overhanging  Beams.    Series  C. 
M 


Values  of  v  and 


bd^ 


All  beams  failed  in  diagonal  tension. 
♦Moment  at  the  supports. 






^~, 

,^ 

=r- 

g 

C8 

c" 

«.D.2 

CQ 

6 

o  ^-^ 

|.i 

Web 
Reinforcement. 

3  a. 2 

S  ^ 
^  ^ 

>  m 

2=\ 

1 

15,000 

None 

71,400 

495 

156' 

1,970 

8 

20,000 

95,200 

259 

130 

1,280 

9 

27,000 

"     

129,000 

351 

176 

1,280 

2 

8,400 

)i 

39, 800 

276 

88 

750 

3 

8,100 
26, 200 
24,400 
16.400 

" 

38,300 
125,000 
116,300 

68,300 

266 
340 
316 
474 

84 
171 
159 
171 

750 

10 

1) 

1,010 

11 

>> 

1,010 

4 

Five  rods  bent  up. . 

1,785 

5 

13,000 

n 

61,700 

429 

136 

1,785 

12 

3'i,200 

Four  rods  bent  up. . 

168, 200 

457 

229 

2,020 

13 

41,400 

57 

197,800 

537 

270 

2,020 

6 

15,000 

Five  rods  bent  up  . 

62, 400 

433 

1.56 

1,610 

7 

17,000 

)) 

70, 700 

491 

177 

1,610 

14 

41,400 

Four  rods  bent  up. . 

197,800 

537 

269 

1.480 

15 

43,200 

>» 

206, 400 

561 

282 

1,480 

[42] 
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TABLE  XVI. 

Overhanging  Beams.     Series  C. 
Stresses  in  steel  at  center  of  span. 


a 

CS 

m 

d 


lu 
11 

12 

13 
14 
15 


Web 
Reinforcement. 


None 

Five  rods  bent 
up 

)' 
)) 

None 

H 

Four  rods  bent 
up 


a 


12,000 
6,100 
8,100 

11,000 
7,100 
11,000 
6,300 
20, 000 
20, 200 
17,200 
15,000 

20,300 
18,200 
22, 200 
12,400 


a  a 

c  vr. 
O 


P 

c 


14,000 
7,140 
8,100 

16,000 
13,000 
15,000 
16, 000 
19,200 
23, 400 
26, 200 
23, 200 

35, 200 
39,200 
40, 200 
42, 200 


33, 200 
16, 700 
19,000 

33,200 
30, 800 
31,100 
33, 200 
45,600 
55,600 
62,400 
55, 100 

84,000 

93,600 

96,000 

100, 700 


03  Ol  ^^ 
CO  O)  • 
J'  -*-'    CO 


25,000 

9,300 

10, 800 

40,200 
35, 900 
25, 300 
27,200 
11,600 
16,200 
14,500 
13,000 

42,300 
46, 100 
34,000 
36,300 


"  =  S 


1,970 
750 

750 

1,785 
1,785 
1,610 
l,6l0 
1,280 
1,280 
1,010 
1,010 

2,020 
2,020 
1,480 
1,480 


(Kl-1-|=  — 

"^^^  a  9 

.125 
.050 
.060 

.198 
.128 
.150 
.166 
.030 
.083 
.141 
.132 

.122 
.126 
.111 
.133 


All  beams  failed  in  diagonal  tension. 
*  Moment  at  center  of  span  . 

The  time  of  appearance  of  the  first  visible  crack  was  about 
the  same  in  all  beams.  In  beams  without  inclined  rods,  failure 
soon  followed  the  first  crack.  In  beam  Xo.  8,  the  first  visible 
crack  was  the  one  which  caused  failure.  Those  beams  which 
had  a  web  reinforcement  of  bent  rods  stood  higher  loads  and 
gave  more  indications  of  approaching  collapse. 

The  average  unit  vertical  .shear  developed  in  beams  Xos.  1,  8, 
9,  10  and  11  was  158  ibs./in-.,  that  developed  in  Nos.  4,  5,  6, 
7,  12,  13,  14  and  15  averaged  211  Ibs./in-.  an  increase  of  about 
30  per  cent  due  to  web  reinforcment.  In  the  deeper  beams  this 
increase  is  still  more  marked. 

For  the  9-inch  beams,  without  web  reinforcement,  the  average 
vertical  shear  was  159  Ibs./in-.  In  beams  of  the  same  depth 
with  bent  rods,  the  average  was  258  Ibs./in-.,  or  a  gain  of 
over  60  per  cent. 

[43] 
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4.      BEAMS  OF  SERIES  D. 

In  order  to  make  a  further  study  of  overhanging  beams,  28 
■were  dimensioned  and  reinforced  as  shown  in  Figs.  17,  18  and 
19.     The  beams  contained  1.97  per  cent  of  steel  in  the  top  and 


ii       ?       iKi      ii      ii       ii       {/      S\  6,    J.     4       ii       ii       iiQi 


;                                    i        B.      i 

ir 

]]]]]  EELLJLl^._==..dQJLJS  1 

if       ' 

Il 

If 

c, 


UL 


c 


f?    !'  ^i  j'*    |I    11    r-~4 


A L 


^  ^^  ^ 


Fig.  17. — Bkaji.s  of  Series  D — Reinforcement  and  Cracks. 

half  that  amount  in  the  bottom.  The  reinforcement  Avas  made 
large  in  order  that  the  full  strength  of  the  concrete  might  be 
developed.  Rods  were  turned  up  or  down  in  pairs  except  as^ 
noted  in  beams  Aj,  Ao.  Hi  and  IL,.  Those  rods  wliich  were  bent 
nearest  the  supports   were   continuous  over  the   supports,   the 
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Fig.  18. — Beams  of  Series  D— Reixforcemext  and  Cracks. 


others  were  bent  up  or  down  and  stopped  at  the  top  or  bottom 
of  the  beam.  This  arrangement  would  not  be  possible  in  prac- 
tice as  half  of  the  bottom  rods  would  have  to  be  run  through  to 
provide  against  stresses  M'hich  did  not  occur  in  these  test  pieces. 
The  object  here  Avas  to  determine  whether  inclined  members  or 
some  other  form  of  reinforcement  provided  the  best  resistance 
against  web  stresses.  The  manner  in  which  stirrups  were  placed 
is  shown  in  Fig.  6.  Duplicate  beams  were  made,  but  only  one 
was  made  from  the  same  batch  of  concrete.  Beams  A  to  G 
weighed  about  1,250  pounds  each  and  beams  II  to  X  about  1,040 

[45] 
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Fio.   1!). — Bkams  of  Skriks  D^ — Reinforcement  and  Chacks. 

pounds  apiece.  Tables  XVII  and  XVIII  contain  the  numerical 
results  of  these  tests.  The  value  of  L  for  this  series  is  1-640, 
Load  delleetioii  curves  for  these  beams  will  be  found  in  Figs. 
20,   lM,   •2-2   and   2:5. 
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TABLE  XVII. 

Overhanging  Beams.     Series  D. 
M 


Values  of  v  and 


bd^. 


Width  of  Beams  7f ".    2  per  cent  Reinforceoaent. 


*=Broken  as  a  simple  beam. 

T:=Tension. 

DT=Diaf^onal  Tension. 

t=Twisted  off  due  to  eccentric  loading. 


Max. 

-. 

a  m 
0  ®  "r 

a 

S3 

Total 

Load 

(in  lbs.) 

Web 
Reinforcement . 

Kind  of 
Failure. 

Moment 

ac 
Support 

(in 

M 

bu-. 

'a 

>  m 

c 

tc  a  .S 

cS 

in.  lbs.) 
482,000 

655 

302 

dO-c^ 

Ai 

76,000 

Inclined  Rods. 

DT 

1,990 

A, 

69,500 

»i 

)) 

441,000 

600 

276- 

2,120 

H 

50, 540 

)) 

», 

321,000 

690 

253 

2,010 

H, 

53, 800 

" 

T 

341,000 

733 

269' 

1,255 

Bi 

55,000 

+  "  Stirrups. 

DT 

348,000 

473 

218- 

1,340 

B 

62,900 

)) 

5? 

398,000 

540 

249 

1,440 

I, 

52,840 

)i 

DT&T 

335,000 

720 

264 

2,185 

I 

42,800 

?) 

DT 

271,000 

583 

214 

2,2.30 

c\ 

62,500 

j\"  Stirrups. 

i> 

396, 000 

538 

248 

2,315 

Cg 

62, 750 

" 

" 

397,000 

539 

249 

2,380 

J 

43,500 

?» 

?> 

275,000 

591 

217 

2,210 

J2 

44,480 

)) 

)5 

281,000 

605 

222- 
333 

2,760 

*D, 

84,000 

Inclined  Rods  and 

533,000 

724 

1,620 

D. 

86,000 

i"  Stirrups. 

....^.... 

546,000 

742 

341- 

2,000 

K, 

57,260 

n 

DT  &T 

363,000 

780 

286 

1,475 

K3 

36, 400 

») 

DT 

230,000 

495 

184  ' 

1,515 

E2 

66,000 
82,000 

Inclined  Rods  and 
i\"  Stirrup. 

419,000 
521,000 

569 
709 

262 
.325 

1,705 

"  dt" 

1,845 

L 

46,860 

5' 

DT 

297,000 

639 

2.S4 

1,735 

l; 

50, eoo 

M 

T 

321,000 

690 

253 

1,685 

Fi 

67,U00 

Expanded  Metal 

DT 

425,000 

577 

266 

2,110 

F 

55,600 

No.  13r'  Mesh. 

DT 

352,000 

478 

221 

2,005 

M. 

49,920 

,) 

T 

316,000 

680 

249 

1,305 

M, 

47,200 

'» 

DT 

299,000 

643 

236 

1,485 

Gi 

65,600 

Expanded  Metal 

u 

416,000 

565 

260 

1,505 

G. 

53, 200 

No.  12  2h"  Mesh. 

?) 

.337,000 

458 

211 

1,650 

N, 

41,540 

)) 

5) 

263,000 

568 

208 

1,605 

N, 

50,300 

n 

n 

319, OUO 

585 

251 

1,880 
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Table  XVII  shows  that  all  beams  Avhieh  failed  in  tension  had 

M 
values  of      —-,     greater  than  680.     Four  out  of  seven  of  these 
bd- 

beams  were  reinforced  with  inclined  rods  and  stirrups.     D^  and 
Do  were  the  only  11-inch  beams  which  did  not  fail  in  diagonal 


tension.     The 


for  the  11-inch  beams  was 


M 

r— ,     for  these  beams  was  72-4  and  742  respec- 
bd- 

tivelv.     The  averas-e  value  of 

l.d- 

586  and  for  the  9-inch  beams  it  was  650. 

TABLE  XVIII. 
Overhanging  Beams.      Series  D. 
Stresses  in  Steel.      2  per  cent  Reinforcement. 


" 

. 

^ 

■73 

r~  1 

03  ^— 

<D 

o  - — , 

u  , — - 

a. 

^,-2  o 

Web 

'il 

i^S- 

a 

S3 

m 

Reinforcement. 
Inclined  Rods. 

DT 

^  ""  ""     ' 

50,000 

D  a;  — ' 

00.2  S 

A, 

25,000 

160,000   25,300 

1,990 

A 

)) 

" 

42,500 

65,000 

208,000    33.100 

2,120 

B, 

}"  Stirrups. 

J) 

40,000 

52,500 

168,000   25,200 

1,340 

B, 

1 "       )) 

)) 

42,500 

52, 500 

168,000    27,000 

1,440 

c, 

3    "          " 

1  5 

»» 

40,000 

60. 000 

192,000    32,200 

2,315 

C 

1  fi 

i) 

30,000 

47.000 

150,000    24,200 

2,380 

*D, 

Inclined  Rods  and 

40,000 

76.000 

243,000    38,600 

1,620 

D 

I"  Stirrups. 

....^. ... 

47,500 

72.500 

232,000   38,900 

2,000 

tEi 

Inclined  Rods  and 

30,000 

65,000 

208,000   .32,300 

1,705 

E 

1^,5  ■■  Stirrups. 

DT 

.So,  000 

70.000 

224,000    .35,200 

1,845 

Fi 

Expanded  Metal 

5? 

30, 400 

.55,000 

176,000    26,800 

2,110 

F. 

No.  13.   :,'"  Mesh. 

)) 

40.000 

.50, 000 

160,000    25,000 

2,005 

Gi 

Expanded   Metal 

5) 

40, 000 

50,000 

160,000    25,600 

1,505 

G. 

No.  12.  2y  Mesh. 

M 

.35,000 

50,000 

160,000    25,400 

1,650 

H, 

Inclined  Rods. 

5) 

20,000 

45,000 

144,000    37,500 

•2,010 

hI 

" 

T 

30.200 

50,000 

160,000    41,300 

•  1.255 

,ir 

i"    Stirrups. 

DT  A  T 

20,000 

.50,000    160,oOOi  41,500 

2,185 

I* 

r     " 

DT 

20,200 

40,000    rJ8, 000    31,600 

2,230 

Ji 

A"     " 

" 

20, 000 

40,000    128,000    32,300 

2,210 

J, 

1  6 

" 

15.000 

40.000    128,000    33.300 

2,760 

K, 

Inclined  Rods  and 

DT&T 

20,000 

.55,000    176,000,  47,000 

1,475 

K, 

}"    Stirrups. 

DT 

20, 200 

.35,000    112,0001  29,300 

1,515 

L, 

Inclined  Rods  and 

" 

20.000 

45,000    144,000 

.37,200 

1,735 

L. 

,",, "   Stirrups. 

T 

20,400 

40,000    128,000 

33,200 

1,685 

M, 

Expanded  Metal 

T 

20, 000 

45,000    144,000!  37,900 

1,305 

M„ 

No.  13.  y  Mesh. 

DT 

20,000 

J5,000    144,0001  37,. 300 

1,485 

N. 

Expanded  Metal. 

" 

15.000 

35,000    112.000    29.200 

1,605 

N. 

No.  12.  2y  Mesh. 

f! 

15,000 

45,000 

144,000    38,,3CX) 

1,880 

1 

T  =  Tension.         DT  =  Dia'j:o;ial  Tdnsion. 
*  Broken  uk  a  simple  beam, 
t  Twisted  oil  due  t  j  (•(■(;ontric  loading. 
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The  lowest  value  of  vertical  shear  for  the  11-ineh  beams  was 
developed  in  Go,  211  Ibs./in-.,  the  highest  in  Dn,  341  Ibs./in-. 
The  average  value  of  v  was,  for  this  depth,  269  Ibs./in-.  and 
for  the  9-inch  depth,  it  was  239  Ibs./in-. 

The  beams  of  this  series  failed  eitjier  by  tension  in  the  steel 
or  by  diagonal  tension  in  the  concrete.  The  latter  form  of  fail- 
ure may  be  divided  into  two  distinct  classes,  failures  in  which 
the  crack  spread  horizontally  along  the  plane  of  the  reinforce- 
ment, generally  followed  by  slipping  of  the  rods,  and  those  in 
which  no  splitting  along  the  rods  took  place.  Plate  IV,  beam 
Bo,  is  an  illustration  of  the  first  type,  while  Plate  V,  beam  K^, 
shows  the  second  class.  Failures  accompanied  by  stripping 
along  the  rods  came  about  gradually  while  the  other  kind  oc- 
curred suddenly,  sometimes  followed  by  a  report. 

In  the  following  discussion,  beams  which  were  similarly  re- 
inforced will  be  grouped  together.  Figs.  17,  18  and  19  con- 
tain sketches  of  the  cracks  numbered  in  order  of  their  appear- 
ance. Beams  A^.  An,  and  Ho  failed  suddenly  by  diagonal  ten- 
sion in  the  second  manner  described.  Plate  III  shows  how  Ag 
failed.  Beam  Hi  failed  slowly  in  tension  in  crack  No.  13. 
The  diagonal  tension  failures  in  this  set  occurred  near  the  load. 
It  will  be  noted  that  but  few  visible  cracks  developed  in  beams 
A^  and  A,.  Avhile  in  the  shallower  beams  H^  and  H,  a  large 
number  of  tension  cracks  opened  up. 

Beams  B^,  Bo  and  lo  all  failed  in  diagonal  tension  with  split- 
ting at  the  rods.  In  I^  the  tension  cracks  in  the  middle  of  the 
span  opened  up  so  that  it  was  impossible  to  tell  whether  failui'e 
was  first  caused  by  tension  in  the  steel  or  by  that  in  the  web. 
A  study  of  Plate  IV  shows  how  beam  Bo  failed.  The  upper 
photograph,  taken  inunediately  after  failure,  shows  crack  No.  4 
as  it  then  appeared.  The  lower  photograph  was  taken  after  the 
concrete  had  been  chipped  of?  at  the  end  of  the  rods  and  stir- 
rup. Evidently  the  diagonal  crack  brought  an  increasing 
stress  upon  the  stirrup  which  started  to  slip.  This  caused  the 
concrete  to  split  along  the  reinforcement,  weakening  the  bond 
so  that  the  rods  finally  slipped  and  the  beam  failed.  Beams  B, 
and  I2  failed  in  a  like  manner.  In  beam  I^  no  trace  of  slipping 
at  the  ends  of  the  rods  or  stirrups  could  be  discovered. 
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Beams  Ci,  C2,  Ji  and  J2  all  failed  in  the  same  way  as  beam 
B2.  To  make  sure  of  the  primary  and  secondary  causes  of  fail- 
ure, the  concrete  was  chipped  away  from  the  ends  of  the  rods  in 
beam  C2  so  that  any  slipping  could  be  instantly  detected. 
Plate  VIII  shows  what  happened.  Diagonal  cracks  formed  at 
both  ends  of  the  span  at  practically  the  same  time.  The  one  on 
the  left,  however,  progressed  more  rapidly  than  that  on  the 
right,  causing  the  rods  to  slip  as  shown  in  the  photograph.  On 
the  right,  not  the  slightest  trace  of  any  movement  of  the  rod 
could  be  discerned,  although  the  crack,  as  can  be  seen,  had 
started  along  the  plane  of  the  reinforcement.  Fig.  17  gives  a 
sketch  of  the  opposite  side  of  beam  Co  from  that  shown  in  the 
photograph. 

Beams  D^  and  Do  proved  too  strong  for  the  loading  ap- 
paratus. Beam  Do  was  loaded  up  to  86,000  pounds,  and  then 
the  load  was  released  to  repair  the  I  beams  of  the  loading  ap- 
paratus which  had  been  badly  twisted.  The  load  was  again 
applied,  and  the  beam  failed  at  84,000  pounds.  Failure  was 
primarily  tension.  Plate  V  shows  view  of  the  failure  in  crack 
Xo.  4.  Beam  D^  was  loaded  twice  up  to  a  load  of  82.000  pounds 
without  any  sign  of  failure  other  than  the  tension  cracks  shown 
in  Fig.  17.  It  was  then  tested  as  a  simple  beam  with  an  eight 
foot  span  loaded  at  the  J  points,  and  broke  in  tension  imder  a 
total  load  of  18,740  pounds.  Beam  K^  stood  the  highest  load  of 
any  of  the  9-inch  beams,  finally  failing  as  shown  in  Plate  V.  It 
will  be  noted  that  the  failure  crack  came  between  two  stirrups. 
On  the  other  hand,  beam  K2  failed  at  a  lo'wer  load  than  any 
of  the  9-inch  beams.  The  break  was  sudden  in  both  cases  and 
occurred  at  the  same  place.  The  concrete  around  the  crack 
in  beam  K^  did  not  appear  as  sound  as  in  beam  K^.  No  other 
reason  for  the  difference  in  strength  between  these  two  beams 
was  discovered. 

Beam  E^  had  so  uneven  a  top  that  wedges  were  placed  under 
the  bearing  points  to  level  up  the  loading  apparatus.  This 
evidently  produced  an  eccentric  loading  and  caused  the  beam 
to  twist  off  very  suddenly  at  a  much  lower  load  than  its  mate, 
beam  Eo.  Plate  VI  shows  how  the  crack  extended  diagonally 
across  the  top  of  the  beam.     Beam  E,  was  loaded  up  to  82000 
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pounds  and  then  released.  The  load  was  again  applied  up  to 
76000  pounds  when  failure  took  place.  The  break  took  place 
suddenly  in  crack  No.  13,  shown  in  Plate  VI.  The  photograph 
was  taken  on  the  opposite  side  from  that  shown  in  the  sketch  in 
Fig.  18.  Beam  L^  failed  in  a  similar  manner  to  beams  K^  and 
Ko.  Beam  Lo  failed  slowly  in  tension,  finally  forcing  a  com- 
pression failure  on  the  under  side. 

Beams  F^,  Fo  and  Mo  all  failed  in  diagonal  tension,  accom- 
panied by  splitting  at  the  rods.  Beam  M^  failed  in  tension  in 
crack  No.  12,  followed  by  compression  at  the  support.  Plate 
VII  shows  how  the  expanded  metal  pulled  apart  in  beams  Fi 
and  Mo. 

Beams  Gj,  Go,  N^  and  No  all  failed  in  a  similar  manner  to 
beams  F^  and  ^Mo.  These  beams  were  reinforced  with  a  2^4uch 
mesh  expanded  metal  which  seemed  to  pull  apart  more  easily 
than  the  -!f-ineh  mesh  used  in  the  previous  set. 

A  study  of  the  crack  sketches,  Figs.  17,  18  and  19,  shows  that 
diagonal  cracks  developed  closer  to  the  supports  in  all  beams 
which  had  no  inclined  rods  than  in  those  which  contained  them. 
In  other  words,  beams  with  inclined  rods  developed  diagonal 
cracks  in  the  simple  beam  portion  of  the  span.  Practically  all 
these  beams  which  failed  in  diagonal  tension  failed  in  the  second 
manner  previously  mentioned. 

Those  beams  which  depended  upon  inclined  rods  for  resist- 
ance to  web  stresses  showed  greater  strength  than  those  which 
had  stirrups  or  expanded  metal.  Inclined  stirrups  or  vertical 
stirrups  spaced  more  closely  together  would  doubtless  have 
given  similar  results. 

There  is  no  marked  difference  in  strength  in  the  beams  rein- 
forced with  stirrups  only.  Judging  from  the  way  the  cracks 
appeared  in  the  9-inch  beams,  a  close  spacing  of  4  or  5  inches 
would  have  prevented  many  of  the  diagonal  tension  failures. 
The  increased  amount  of  metal  in  the  ^-inch  stirrups  did  not 
seem  to  affect  the  resistance  to  web  stress  of  the  beams  which 
contained  them.  In  placing  stirrups  the  problem  seems  to  be 
to  distril)uto  the  metal  in  small  mombors  rather  than  to  concen- 
trate it  in  large  one's. 
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The  chief  difficulty  experienced  with  expanded  metal  was  its 
tendency  to  break  off  at  the  comers  of  the  diamonds  when  under 
stress.  This  form  of  reinforcement  is  easily  put  in  place.  A 
stronger  meshing  Avould  doubtless  prove  a  very  satisfactory  web 
reinforcement.  It  is  the  opinion  of  those  engaged  in  these  tests 
that  the  tensile  strength  of  concrete  is  a  more  important  factor 
in  deep  beams  than  the  compressive  strength.  The  necessity  for 
the  exercise  of  great  care  in  order  to  secure  good  concrete  is 
decidedly  essential  if  uniform  results  are  to  be  obtained. 

The  resistance  of  a  web  reinforcement  to  diagonal  stresses 
depends  largely  upon  its  being  dispereed  throughout  the  beam 
and  not  concentrated  in  large  rods  spaced  at  relatively  wide  in- 
tervals. Inclined  members  are  in  a  better  position  to  resist 
tensile  web  stresses  than  those  which  are  vertical.  In  these  tests 
stimips  and  bent  rods  in  combination  made  the  strongest  web 
reinforcement. 


5.      TEE   BEAMS. 

Sixteen  tee  beams  were  made  as  shoA^Ti  in  Figs.  24  and  25. 
Stones  larger  than  ^-inch  were  screened  out  of  the  aggregate 
so  that  the  concrete  might  be  easily  placed  around  the  reinforce- 
inent.  In  tee  beams  Dj.  Do,  Fj,  Fo,  Hj  and  Ho.  the  rods  were 
placed  in  two  layers  and  bent  up  in  pairs.  In  the  other  beams 
rods  were  turned  up  at  each  of  the  points  shown  in  the  figures. 
It  will  be  noted  that  the  span  for  tee  beams  Aj,  Ao,  B^  and  Bg 
M-as  6  feet  while  for  all  others  it  was  reduced  to  5  feet.  Plate 
VIII  gives  a  picture  of  apparatus.  The  extensometer  readings 
taken  were  untrustworthy  owing  to  lack  of  rigidity  of  the 
apparatus  and  are  not  given.  Fig.  26  gives  the  moment-de- 
flection curve  for  tee  beams  Cj  to  Ho. 

Tee  beams  A^,  A,,  B^  and  Bo  failed  by  slipping  of  the  rods. 
In  order  to  observe  carefully  the  manner  of  failure  the  con- 
crete Avas  chipped  away  at  the  ends  of  rods  so  that  the  time  at 
which  slipping  took  place  could  be  noted.  In  general,  tension 
cracks  first  foi-incd  about  half  way  between  the  load  and  sup- 
port.    These  were  due  to  the  decreased  tensile  resistance  caused 
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by  bending  up  the  rods.  Soon  the  lower  rod,  folloM-ed  bv  the 
upper,  Avonld  begin  to  slip,  one  of  these  cracks  Avoiild  widen  and 
cause  failure.  Plate  VII  shows  the  failure  crack  in  A^.  To 
avoid  this  sort  of  failure  the  span  for  the  remaining  tee  beams 
was  made  5  feet. 
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Tee  beams  Ci  and  Co  failed  in  tension  primarily.  Tee  beam 
Di  developed  a  compressive  crack  which  extended  diagonally 
across  the  top  of  the  flange  between  the  loads.  At  the  same  time 
crack  5  split  open  at  the  web.  Tee  beam  Dg  failed  as  shown  in 
Plate  VIII  by  crushing  of  the  concrete  in  the  flange.  Attention 
is  called  to  the  manner  in  which  tee  beams  Eg,  F^  and  Fj  failed 
near  the  support.  Tee  beams  G^  and  G,  failed  through  tension 
cracks  which  opened  at  the  end  of  the  expanded  metal  and 
spread  directly  upward  to  the  load.  Tee  beam  Ho  failed  by 
compression  in  the  flange  and  by  diagonal  tension  and  hori- 
zontal shear  in  crack  No.  8.  It  wiU  be  noted  that  the  diagonal 
tension  cracks  in  many  instances  were  first  seen  in  the  middle 
of  the  web  without  any  connecting  tensile  crack  running  to  the 
bottom  of  the  beam.  Tee  beams  E,  and  Fo  furnish  illustrations 
of  this  kind  of  crack. 

Table  XIX  gives  values  for  v  and  the  stress  in  the  steel.  It 
must  be  borne  in  mind  that  the  shear  was  assumed  to  be  carried 
by  the  web  in  computing  v.  The  calculated  stresses  in  the 
steel  are  based  upon  the  assumption  that  the  centroid  of  com- 
pression was  at  the  center  of  the  flange.  For  tee  beams  Ci  jCz, 
El,  E,,  Gi  and  G,  the  average  intensity  of  vertical  shear  is 
218  Ibs./in^.  and  for  those  with  double  the  amount  of  rein- 
forcement it  is  344  Ibs./in-. 

Tee  beams  Ej,  E,,  Fj  and  F.  which  had  12-inch  flanges  did 
not  show  any  greater  strength  than  those  with  9-inch  flange. 

A  further  investigation  of  web  reinforcement  has  been  carried 
on  in  a  later  series  of  tests  made  at  this  institution,  the  results 
of  which  are  now  being  prepared  for  publication. 
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TABLE  XIX. 
Tee  Beams. 
Compressive  strength  of  concrete,  1,120  Ibs./in.'- 
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B=Bond.     C  =  Compression. 
T=Teni-ion.     DT=Diagonal  Tension. 
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TESTS  ON  PLAIN  AND  REINFORCED  CONCRETE 


I.  INTRODUCTION 

In  this  bulletin  are  reported  some  of  the  tests  on  plain  and 
reinforced  concrete  carried  on  in  the  laboratory  for  testing 
materials  at  the  University  of  Wisconsin  during  the  spring  and 
summer  of  1907.  The  investigations  in  plain  concrete  consisted 
of  compression,  tension  and  transverse  tests  made  in  conjunc- 
tion with  the  other  tests.  The  main  work  consisted  of  tests  on 
rectangular  beams  reinforced  in  compression,  tee-beams  with 
both  rigid  and  loose  web  reinforcement  and  tests  on  deep  rect- 
angular beams  to  determine  the  deformations  of  the  stirrups. 
The  tee-beams  of  Series  N  were  made  and  tested  as  a  thesis  by 
G.  C.  Ne^\-ton  and  W.  L.  Rowe  of  the  Class  of  1907.  They  are 
desei'ving  of  credit  for  the  care  with  which  they  performed  the 
tests  and  the  concise  smnmary  which  they  reported  in  thesis 
form.  The  remainder  of  the  tests  were  made  during  the  summer 
by  paid  assistants. 

The  summer  work  on  tee-beams  Avas  laid  out  with  special  re- 
ference to  the  investigation  of  stresses  in  the  web  of  a  reinforced 
concrete  beam.  Tension  specimens  were  made  with  the  beams 
so  that  a  cheek  upon  the  strength  of  the  concrete  in  the  web 
might  be  had.  In  the  discussion  of  web  reinforcement  no  at- 
tempt has  been  made  to  develop  any  formulae  for  design  as 
these  experiments  do  not  cover  a  wide  enough  range  to  deter- 
mine empirical  constants  for  such  formulae.  It  is  hoped  that 
further  experiments  may  be  made  here  in  measuring  deforma- 
tions along  stirrups  and  upon  the  amount  of  shearing  reinforce- 
ment necessary;  also  further  tests  to  show  the  relative  values 
of  loose  and  rigid  web  reinforcements,  using  high  percentages 
of  longitudinal  reinforcement,  would  be  interesting. 
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The  beams  with  compression  reinforcement  give  considerable 
information  eoncerninp;  methods  for  strengthening  a  beam  with- 
out increasing  the  size.  This  is  frequently  necessary  in  building 
construction,  both  to  permit  uniformity  in  constructing  the 
forms  and  also  to  conform  to  architectural  features  of  the  de- 
sign. The  shifting  of  the  neutral  axis  in  the  beam  subjected 
to  a  reversal  of  loading  is  of  interest  on  account  of  its  close 
application  to  the  rib  of  a  reinforced  arch. 

The  crack  sketches  and  drawings  are  made  from  measure- 
ments taken  on  the  beams  innnediately  after  testing.  The  let- 
ter F  indicates  the  failure  crack  in  all  cases  where  it  occurs. 

Due  acknowledgment  is  made  to  Dean  F.  E.  Tumeaure  for 
many  suggestions  received  in  this  work.  E.  P.  Abbott,  of  the 
class  of  1908,  deserves  mention  for  efficient  assistance  in  per- 
forming the  tests  and  for  the  drawings  of  this  bulletin. 


II.     DESCRIPTION  OF  MATERIALS 

Steel: — All  smooth  rods  used  for  reinforcement  were  pur- 
chased in  the  local  market.  The  St.  Louis  Expanded  ]\Ietal 
Company  donated  the  corrugated  bars,  and  the  Trussed  Con- 
crete Steel  Company  of  Detroit  the  Kahn  bai*s.  The  wire  mesh- 
ing was  obtained  from  the  Clinton  Wire  Cloth  Company.  Table 
I  gives  data  for  tension  tests  of  steel.  At  least  two  specimens 
of  the  same  size  were  tested  in  all  cases,  and  columns  5  and  6 
are  the  averages  for  two  specimens  except  in  the  case  of  the  ^- 
inch  corrugated  and  the  wire  meshing  where  the  individual  re- 
sults are  given.  It  will  be  noted  that  the  34-111^11  corrugated 
bars  varied  considerably  in  elastic  limit  and  ultimate  strength. 
This  may  have  been  the  cause  for  the  variation  in  strength  of 
the  tcc-bcanis  with  the  24-iii<'h  tianges. 

SlfjiK  : — Ci'ushcd  limestone  from  Kankakee,  Illinois,  was  used 
in  making  all  specimens.  Table  II  gives  a  mechanical  analysis 
of  a  cubic  foot  of  the  material. 

Sand: — The  sand  used  was  furnished  by  a  local  dealer.  It 
was  the  best  obtainable  in  this  vicinity  but  too  fine  to  make 
a  strong  concrete.  An  analysis  of  the  sand  is  found  in  Table 
III. 
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TABLE  I. 

Tension  Tests  of  Steel. 


Size  of 
Bar. 
Ids. 


Area, 
sq.  in. 


Load 

at  Yield 

Point 

lbs. 


Maximum 

Load. 

lbs. 


Stress 
at  Yield 

Point. 
Ibs./in.^ 


Ultimate 

Strength. 

Ibs./in.- 


Corrugated  Bars. 


r 

.590 

29, 450 

51,850 

50,000 

87,800 

.559 

24,400 

42,300 

43,600 

75,600 

.554 

25,320 

46,170 

45,600 

83,500 

.551 

25,300 

43,000 

46,000 

78,000 

.554 

26,700 

46, 850 

48,200 

84,600 

.550 

25,700 

50,000 

46,700 

91,000 

.553 

31,000 

53,400 

56,000 

96, 500 



Average 

48,000 
41,300 

85,300 

f" 

64,500 

V 

45,000 

68,800 

Plain  Round  Bars. 


5  " 

¥' 

3  » 

i" 


41,000 
43,900 
46, 100 
46, COO 
47,400 


61,100 
61,900 
66, 800 
64,100 
62,000 


Wire  Meshing. 

.120 
.121 

.0113 
.0117 

850 
950 

850 
950 

75, 100 
81,200 

75, 100 
81,200 

Average 

78,100 

78, 100 

Kahn  Bars. 

1- 

V 

40,000 
39,300 

69,400 
65,400 
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TABLE  II. 

Analysis  of  Kankakee  Limestone. 


Beams. 

Diameter 
of  mesh, 
ins. 

Amount 
retained, 
pounds. 

Per  cent 
passing. 

Per  cent 
voids. 

Weight  in 
pounds  per 
cubic  foot. 

Series 

N 

48.5 

83.0 

Nl  -N6 

N7-N19 

44.5 

91.5 

1.5 

0 

100 

1.2r. 

6.45 

94.5 

1.00 

13.5 

83.2 

.75 

24.7 

62.5 

Series 

.50 

45.2 

24.7 

E.  F, 

.3.3 

9.5 

16.7 

and 

22 

8.0 

10.0 

G. 

.14 

5.4 

5.5 

.73 

4.7 

1.5 

Dust. 

1.8 

■ 

43.0 

94.0 

TABLE  in. 

Analysis  of  Sand. 
Per  cent  Voids=37.     Wt.  per  cu.  ft.:^105  lbs. 


Sieve  No. 

Diameter  of  Mesh 
in  ins. 

1  " 

.22 

6  .   .           

.131 

10 

.073 

16 

.042 

20 

.0.34 

ao        

.022 

40 

.015 

50 

.011 

74         

.0078 

100 

.0045 

Per  cent 
Passing. 


100 
94.0 
87.6 
81.6 
78.8 
68.9 
60.0 
34.9 
16.5 
8.6 


f^'^l 


WITIIEY PLAIX    AXD    KEIXFOECED    COXCEETE. 


75 


Cetnent: — Alpena,  Lehigh  and  Universal  cements  were  used 
in  these  tests.  Table  IV  contains  the  record  of  the  tensile 
strengths  of  neat  and  1 :3  mortar  briquettes  tested  at  7  and  28 
days,  and  also  indicates  in  which  beams  each  brand  was  used. 
These  cements  were  all  purchased  in  the  open  market. 


TABLE  IV 

Tensile  Strengths  of  Cements. 


Ultimate  Strength  in  Ibs./in.'-. 

Briquette 

Age  7  days. 

Age  28  days.     ', 

Beams  and 

No.       ! 

Specimens. 

Neat. 

1:3 
Mortar. 

Neat. 

1:3 
Mortar. 

1 

580 

192 

712 

275 

Series 

2 

654 

147 

694 

294 

Alpena 

N 

3 

667 

160 

723 

313 

N  1-N  15 

4 

710 

183 

670 

256 

5 

726 

225 

655 

264 

6 

638 

181 

595 

298 

7 

619 

218 

715     (       259 

8 

647 

J  83 

693 

251 

Av. 

655 

186 

682 

276 

1 

550 

182 

590 

298 

Series 

2 

530 

lyo 

600 

294 

Lehigh 

Fand  G 

3 

550 

172 

760 

258 

except  Tee 

A 

596 

160 

660 
652 

264 

278 

Beam  CI. 

Av. 

556 

176 

1 

620 

162 

805 

370 

2 

670 

175 

780 

330 

Universal 

Series  N 

H 

723 

158 

800 

350 

N  15-N  19 

i 

706 

172 

775 

360 

Series  E 

Av. 

680 

167  . 

790 

352 

Beam  C  1. 

Concrete: — The  mixture  used  in  all  tests  was  one  part  cement, 
two  parts  sand  and  four  parts  stone.  Materials  were  propor- 
tioned by  volume.  Measurements  of  quantities  required  for  a 
batch  were  made  by  weighing  the  number  of  cubic  feet  of  each 
material  on  a  platform  scale.     One  hundred  poimds  of  cement 
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was  considered  a  cubic  foot.  Weights  of  other  materials  are 
given  in  the  tables.  With  the  exception  of  the  concrete  for 
beams  N  1  to  X  6,  which  was  mixed  by  hand,  all  concrete  was 
mixed  in  a  No.  0  Smith  mixer  (donated  to  the  University  by  T. . 
L.  Smith  &  Company  and  the  Contractors  Supply  and  Equip- 
ment Company). 

The  same  scheme  of  hand  mixing  was  employed  as  is  re- 
corded in  the  bulletin  of  the  series  of  1906.  In  mixing  by  ma- 
chine, four  and  one-half  cubic  feet  of  concrete  was  made  in  one 
batch.  Sand  was  first  thrown  in  and  then  the  cement.  After 
mixing  about  two  minutes,  the  wetted  stone  and  water  were 
added.  The  whole  batch  was  then  allowed  to  turn  for  four  or 
five  minutes,  the  mixer  making  about  20  R.  P.  M.  Concrete 
mixed  by  the  machine  was  imiform  in  character  and  showed  a 
higher  average  strength  than  the  hand  mixed.  About  9  per 
cent,  of  water  by  weight  was  used  to  procure  a  wet  concrete 
which  could  be  easily  worked  around  the  reinforcement.  A 
somewhat  drier  mix  was  used  in  making  the  tops  of  the  beams. 

III.     AUXILIARY  TESTS 

In  Table  V  are  given  the  results  of  the  compression,  tension 
and  transverse  tests  made  in  connection  with  beams  of  Series 
E,  F  and  G.  The  specimens  were  from  the  same  batch  of  con- 
crete as  the  beams  which  are  on  the  same  line  in  the  table.  In 
many  instances  one  batch  of  concrete  went  into  two  beams.  In 
such  cases,  only  one  auxiliary'  specimen  was  made.  For  ex- 
ample, compression  specimen  No.  6  was  made  from  a  batch  part 
of  which  went  into  the  top  of  beam  C  2  and  the  rest  into  the  top 
of  beam  D  1. 

Compression  specimens  \vere  made  from  the  same  concrete 
that  composed  the  tops  of  the  corresponding  beams.  These 
specimens  were  cylinders  24  inches  high  and  10  inches  in  diam- 
eter. Cyliiuler  E  2  was  18  inches  high  and  6  inches  in  diam- 
eter. The  large  cylinders  were  made  in  wrought  iron  pipe 
molds.  The  pipe  was  split  longitudinally  in  halves  and  two 
small  lugs  were  placed  on  the  outside  about  ^4  of  an  inch  from 
each  edge  so  that  wlicii  the  halves  were  set  up  in  form  of  a 
mold,  the  lugs  on  one  half  would  be  opposite  to  those  on  the 
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other.  Four-inch  clamps  were  placed  upon  the  lugs  to  hold  the 
two  parts  together.  This  made  an  accurate  mold  which  could 
be  set  up  very  quickly. 


TABLE  V. 

Auxiliary  Tests. 
1:2:4  Concrete.     Age  of  Specimens  28  days. 


COMPBESSION. 

Ten 

SIGN. 

Transvekse. 

Beam. 

d 

a 

"5 

P. 

«5« 
a  «\ 

a 

a 

'5 
0- 

a  ®  > 

■iz  h  ^ 

d 

<D 

S 

"Ej 
® 
P. 

2  2"- 
s  3  a 

^    3    OB 

A  1 

A2 

1 

2 
3 
4 

5 

6 
6 

2,460 
1,640 
1,970 
1,930 

1,950 

1,650 
1,650 

3, 500, 000 

1 

2 
3 
4 

5 

6 

7 

256 
167 
260 
157 

197 

216 

182 

1 

320 

B  1 

2 
3 

|5 

6 

7 

398 

B2 

C  1 

3,600,000 

248 
359) 
4105 
339 

C  2 

D  1 

325 

D2 

El 
E2 

4 

7 
8 
9 

1,930 
1,730 
1,770 
2,290 

3,600,000 

8 

9 

10 

11 

12 

13 

14 

14 

10 

10 

i 

4 

15 

15 

148 
184 
142 
174 
184 
164 
208 
208 
142 
142 
157 
157 
201 
201 

8 

9 

10 

11 

374 
416 

F  1 
F2 
Gl 

2,800,000 
3,800,000 

288 
276 

G2 

10 
11 
11 
12 
12 
13 
14 
15 
15 
16 
16 

2,290 
1,900 
1,900 
1,900 
1,900 
1,900 
2,170 
1,660 
1,650 
1,910 
1,910 

HI 
H2 

3,500,000 

12 
12 
10 
10 
3 
3 
13 
13 
14 
14 

333 
333 

I  1 

288 

I  2 
J  1 
J  2 

"'3,806;  000 

288 
248 
248 

Kl 
K2 

3,700,000 

320 
320 

L  1 

3,600,000 

372 

L2 

372 

Ml 

16 
17 

18 
19 

1     20 
20 

172 
180 
208 
217 
150 
150 

M2 

W1 
W2 

17 
17 
18 
19 

2.600 
2,600 
1,500 
1,530, 

1,940 

15 
16 
17 
18 

377 

418 

XI 

367 

X2 

3,100,000 
3,500,000 

350 

Averages.. . 

189 

352 
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The  small  cylinders  were  made  in  cast  iron  molds  referred  to 
in  the  bulletin  of  the  series  of  1906.  The  mold  was  set  up  on 
a  horizontal  iron  plate  and  the  concrete  deposited  in  layers 
which  were  stirred  with  a  rod.  An  excess  of  material  was 
placed  on  top  to  allow  for  settling.  After  settling  had  ceased, 
the  head  of  the  cylinder  was  carefully  smoothed  off  with  a 
trowel. 


Plate  I. — Compressometeb  Apparatus. 
In  testing,  two  thicknesses  of  blotting  paper  were  placed  on 
the  tops  and  luulci-iicatli  all  compression  specimens.     The  com- 
pressometer  used   is  shown   in    Plate  I  ami  is  described  in  the 
bulletin  of  the  series  of  !!)()(). 

The  average  compi-cssive  strength  of  the  concrete  in  these 
tests  was  1940  jiounds  per  square  inch.  It  will  be  noted  that 
tlio  modulus  of  claslicity  is  c.imiputed  at  oiio-thii-d  the  ultimate 
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strength  instead  of  at  a  stress  of  600  pounds  per  square  inch, 
as  was  done  in  the  bulletin  of  the  series  of  1906.  Thi&'  was  done 
s^nce  the  point  on  the  stress  deformation  curve  at  which  the 
modulus  of  elasticity  is  computed  should  be  selected  with  refer- 
ence to  the  ultimate  strenorth  of  the  concrete  in  each  individual 
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Fig.  1. — Tension  Specimens — Templates  and  Appabatus  fob  Testing. 

specimen.  In  this  way  a  more  reliable  determination  of  an 
average  working  value  for  the  modulus'  can  be  obtained  than  by 
selecting  a  fixed  point  for  all  specimens  regardless  of  their 
strengtlis.  The  average  value  of  the  modulus  of  elasticity  for 
this  series  of  tests  is  3,500,000  pounds  per  square  inch. 
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Tension  specimens  were  made  in  the  6-inch  cast  iron  molds 
from  the  concrete  used  in  making  the  lower  portions  of  the 
beams.  Three  f-inch  bolts  were  placed  in  each  end  of  the 
specimens  as  sho\ATi  in  Figure  1.  While  the  concrete  was  set- 
ting, these  were  held  in  place  bj'  wooden  templates  shown  in  the 
figure.  These  templates  were  removed  with  the  molds  and  used 
again.  The  left  portion  of  the  figure  shows  one  of  the  spec- 
imens with  the  apparatus  on  it  ready  to  be  tested.  An  axial 
pull  was  secured  through  the  t\vo  crossed  knife  edges  shown 
just  above  and  below  the  specimen  in  the  machine. 

A  good  many  of  these  specimens  broke  in  the  plane  of  the 
bolt  heads.  In  such  cases,  the  net  area  was  taken  to  find  the 
ultimate  strength.  This  could  be  obviated  by  making  the  spec- 
imens' smaller  in  cross  section  in  the  middle.  The  ultimate  ten- 
sile strength  averaged  189  pounds  per  square  inch  or  about  one- 
tenth  the  ultimate  compressive  strength. 

Plain  concrete  beams  3  feet  3  inches  long  and  6  inches  by  6 
inches  cross-section  were  also  made  from  the  same  batch  of 
concrete  as  the  tensile  specimens.  These  were  loaded  at  Ihe 
middle  over  a  3-foot  span.  The  modulus  of  rupture  was  com- 
puted from  S  =  , — , 
bd- 

M  =z  bending  moment  at  the  break ; 
b  =  breadth  of  cross-section ; 
d  =  depth  of  cross-section ; 
S  =  modulus  of  rupture. 
The  average  value  of  this  quantity  was  352  pounds  per  square 
inch  or  about  1.9  times  the  tensile  strength. 

All  auxiliary  specimens  were  cured  in  air.  After  48  hours 
the  molds  were  removed  and  the  specimens  were  thoroughly 
sprinkled  twice  a  day  for  about  a  week.  They  were  then  sprink- 
led every  two  or  three  days  until  tested. 

IV.     BEAMS 

Method  of  Making: — The  rectangular  beams  were  made  in 
the  same  kind  of  molds  as  showia  in  the  bulletin  of  the  series 
of  1906.  The  tee-boams  wore  made  in  forms  shown  in  Figure  2. 
They  were  made  of  2-inch  plank  and  braced  every  4  feet  by 
pieces  of  2-ineh  plank  b.     These  were  cut  to  fit  closely  against 
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the  underside  of  the  wing  of  the  tee  and  held  it  secuiely  in' 
place.  The  -wings  of  the  tee  w-w  and  the  braces  b-b  were  made 
in  different  breadths  to  permit  increasing  the  width  of  flange 
of  the  beams.  At  the  center  and  over  the  supports  wires 
were  stuck  through  the  holes  n  and  allowed  to  remain  in  the 
beams.     These  served  to  hold  the  deflection  apparatus. 


Elevation 


m 


2    PJanky 


Cnd  View 
iBolty2 


h  '" 


W^. 


'ock 


ZP/ank' 


Fig.  2. — Tee-beam  Molds. 


In  the  beams  of  Series  N,  the  loose  stirrup  reinforcement  was 
held  in  position  by  5-inch  rods  placed  in  the  tops  of  the  beams  to 
which  the  stirrups  were  securely  wired.  Figure  3,  Nos.  1,  2 
and  8  sliow  how  the  stirrups  were  made  in  beams  of  Series  E, 


M 


fx 


■«..■.■-&■ 


Sockets 


Sockets 


O 


Oia/  Socket 

Fig.  3. — Stirrups  and  Dial  Socket. 


F  and  f!.  respectively.  Rods  in  the  tops  of  the*  beams  were 
hehl  in  i)osition  by  small  wires  run  transversely  through  the 
forms.     The    upper    rods    in    turn    supported    the    stirrups    and 
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lower  reinforcement.  In  the  tee-beams  of  Series  F  the  lower 
rods  were  supported  by  the  stirrups.  The  distance  of  the  rods 
from  the  bottom  could  easih^  be  adjusted  by  bending  the 
wing  of  the  stirnip. 

In  beams  of  Series  G,  in  order  to  measure  the  deformation 
over  the  length  of  a  stirrup,  it  was  necessary  to  devise  some 
means  of  fastening  a  dial  rigidly  to  the  .stirrup.  This  was 
accomplished  by  means  of  the  dial  socket  shown  in  Figure  3. 
These  sockets  were  securely  clamped  upon  the  stirrups  and  the 
dial  end  of  the  hole  filled  with  oiled  waste  to  keep  out  the 
concrete,  water  and  dirt.  The  sides  of  the  stirrups  were  spnmg 
apiart  in  the  forms  by  a  piece  of  wood  placed  near  the  top  so 
that  the  dial  holes  were  brought  flush  with  the  face  of  the 
beam.  When  the  concrete  had  been  put  in  the  wooden  brace 
was  removed.  No  trouble  was  experienced  in  removing  the 
waste  or  in  putting  on  the  dials  for  a  test. 

The  concrete  was  placed  in  layers  about  four  inches  deep 
and  spread  ai-ound  by  bricklayers'  trowels.  The  sides  of  the 
beams  were  surfaced  by  running  a  trowel  around  the  edge  of  the 
mold  and  bringing  the  mortar  to  the  surface.  The  top  was 
floated  with  a  mason's  trowel. 

Beams  were  cured  in  the  same  way  as  the  auxiliary  speci- 
mens. 

Testing : — The  beams  of  Series  N  were  tested  on  an  Olsen 
100,000-pound  hydraulic  beam  machine.  The  rest  of  the  beams 
were  tested  on  a  new  hydraulic  nnivereal  machine  which  has  a 
capacity  of  200.000  pomids  for  transverse  tests  over  a  20-foot 
span.  The  loads  were  applied  thi-ough  knife-edged  bearings 
upon  steel  plates  set  in  plaster  of  Paris.  In  beams  of  Series  N 
the  supports  were  a  knife-edge  resting  against  a  steel  plate  8  x 
3  X  s  inches  nt  one  end  ;nid  a  knife-edge  and  tipple  at  the 
other.  In  the  rest  of  the  ])eams,  rocker  bearings  were  employed 
at  the  supports.  Those  rested  upon  8  x  4  x  J^-inch  steel  plates 
set  in  phistei-  of  Paris.  All  beams  were  loaded  at  the  third 
points  of  the  si)an  by  means  of  an  I-beam.  In  the  beams  of 
Series  X  the  loads  )vere  aj^plied  through  a  half  roller  and  a 
l)()inte(l  bejiring  block  resting  upon  10  x  2  x  s-inoli  steel 
plates.  These  plates  were  too  thin  and  cracks  formed  imme- 
diately below   llie   loading  jioints   due  to  the   concentration   of 
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pressure.  In  the  later  beams  of  this  series,  the  loads  were 
distributed  over  two  bearing  plates  at  each  point. 

In  the  beams  of  Series  E,  F  and  G,  bearing  plates  2^/^ 
inches  wide  and  ^  of  an  inch  thick  running  across  the  full 
width  of  the  beam  were  used  to  distribute  the  load  from  the 
I-beams.  In  the  24-inch  flange  tee-beams  a  3j^-inch  steel 
roller  was  used  above  the  bearing  plate  at  each  loading  point. 

In  all  beams  deflections  were  taken  at  the  middle  of  the  span 
by  means  of  the  thread-scale-mirror  device  used  in  the  tests  of 
series  of  1906. 


Fig.  4 — Beam  Extensometeb  Apparatus. 


Extensometer  readings  were  also  taken  on  the  beams  of  Ser- 
ies E  and  F  and  beams  N  6  to  N  19  inclusive  by  means  of  the 
apparatus  shown  :n  Figure  4.  The  upper  arms  of  this  apparatus 
can  be  adjusted  to  different  flange  widths  by  means  of  the  split 
collar  and  set-screw  at  the  lower  end.  The  dials  can  be  re- 
moved and  placed  on  other  apparatus  if  desired.  This  device 
was  very'   rigid   and   gave   trustworthy   readings.     The   length 
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over  which  deformations  were  measured  varied  from  30  inches 
for  the  8-foot  span  to  45  inches  for  the  12-foot  span.  In  all 
cases  the  extensometei-s  were  set  just  inside  the  points  o1 
loading. 

Plate  II  shows    beam    E  2  ready    to    be   tested.       Plate    ^ 
shows  a  beam  similar  to  those  of  Series  G  with  dials  attached, 
Computations : — The  following  symbols  will  be  used  in  form- 
ulae applied  to  the  results  of  tests  in  this  bulletin : 
A  =  area  of  steel  in  tension ; 
A'=  area  of  steel  in  compression ; 
a  =  area  of  prong  of  a  stirrup ; 
b  =  breadth  of  beam  (web  in  tee-beams)  ; 
b'=  breadth  of  flange  in  tee  beams; 
0  =  total  compressive  stress  ; 
d=  distance  from  top  of  beam  to  center  of  steel; 
Es=  modulus  of  elasticity  of  steel ; 
Ec=  modulus  of  elasticity  of  concrete ; 
e  =r  unit  deformation  in  steel  in  compression ; 
fc=  imit  stress  in  concrete  on  the  extreme  fibre ; 
fg=unit  stress  in  steel  in  tension: 
f's=  unit  stress  in  steel  in  compression  : 
g  =  unit  stress  in  stirrups ; 
jd  =  distance  between   centroids   of  tensile   and   compressive 

stresses ; 
kd  =  distance  from  top  of  beam  to  the  neutral  axis; 
M  =  bending  moment ; 

11=    ?i-; 
Ec' 

p  =  ratio  of  longitudinal  reinforcement ; 

(U(l  —  t) 

^=  Td-= 

s  =  distance  between  stirrups ; 
t  =  thickness  of  flange  in  tee-beams: 
u  ==  number  of  prongs  of  a  stirrui) : 
V=total  shear  on  cross-section  of  a  beam; 
V  :=  average  unit  shear  on  cross-section  of  a  beam ; 
v'=:  maximum  unit  shear  on  cross-section  of  a  beam; 
z=  distance  from  top  of  beam  to  centroid  of  compressive 
stresses. 
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The  following  well  known  formulae  based  upon  a  parabolic 
variation  of  stress  were  used: 


M 


Ikbd-(l-fk) 


M 


Ad(l 


k     =  [3pn  +  f  (pn)^]^ 


jpn 


f  s  = 


fs  A— f's  A' 


Ikbd 


cEs 
bd 


(1 
(2 

(3: 

(5; 
(6; 


In  computing  the  stresses  in  tee-beams  of  Series  F  where  the 
neutral  axis  was  below  the  bottom  of  the  flange,  a  new  formula 
was  used  based  upon  a  parabolic  stress  deformation  curve.  This 
formula  Avas  derived  for  the  sole  purpose  of  computing  stresses 
in  the  beams  under  discussion  from  experimental  data  and  i^ 
not  adapted  to  problems  in  design. 


■  —  C 


^C3  ♦    >  7 


Fir;.  .5,-- DiACKAM  Showing  Siress  Distribution  in  Tee-beams. 


As  the  in'uti'al  axis  of  the  tee-beams  discussed  was  never  be- 
low the  middle  of  the  beam  and  the  flange  thickness  was  about 
one-fourth  the  depth  of  the  beam,  the  error  made  by  assuming 
the  compressive  stress  lost,  due  to  the  decreased  breadth  below 
tlif  flange,  to  be  cfjual  approximately  to  a  triangular  wedge  of 
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stress  whose  volume  =  -|fc'    (kd  —  t)    (b' — b)    will  have  but 
small  effect  upon  the  resulting  formula. 

C    =|kb'  d  fc— i  (kd  — t)(b' —  b)  f'c 

f'c  =  (1  — iq)2qfc 

kd  —  t  =  qkd 

hence 

0    =  f  k  b'  d  fc  -  HI  —  i  q)  2q^  (b'  —  b)  kdfc 
Taking  moments  of  the  compressive  stresses  about  the  top 
line  of  the  section  (Figure  5)  there  is  found: 
:2  Ma  =  zC  =.  I  kb  'dfc  I  kd  —  Ul  —  iq)  2q«  (b '  —  bj  kdfc  (kd  —  f  qkd) 
rz      _-Ma   _kd[-ib'-(l-^q  +  lq')q'(b'-b]] 


^    -    c    - 

fb'-(l-iq)qMb'-b) 

jd    =  d  —  z; 

C  =  ^fc;        M  =  jdC 

Therefore 

f     — 

M 

""        jd[|kb 

d-Hl  — ^q)2qMb'  -bjkd] 

f      -    ^ 

(7) 

(8) 

Values  of  k  were  found  experimentally. 

For  finding  jd  in  order  to  compute  v  at  the  first  diagonal 
jrack,  a  formula  similar  to  the  above  based  upon  a  straight  line 
^^ariation  of  stress  was  employed. 

C  =ikdb'fc  — Mkd  — t)  (b'  —  b)f' c 
f'c  =  qfc 
lence  C  =  j-kdfc[b'  -qMb'  —  b)] 

^^Ma   ^kd[^b'-qMl^|q)(b'-b)] 
C  b'— q^(b'— bj 

jd  =  d  —  z 

The  maximum  unit  shear  was  found  by  the  formula 

^'  =  jrb  <^) 

[n  tee-beams  b  =  breadth  of  the  web. 

An  attempt  has  been  made  to  compute  the  stress  in  the  stir- 
nips.  If  no  bars  are  turned  up  and  the  resistance  to  bending 
►f  the  longitudinal  bars  be  neglected,  the  stirrups  will  carry 
he  full  vertical  component  of  the  diagonal  tensile  stress  when 
he  concrete  has  cracked  providing  the  distribution  of  stress  is 
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,  unchanged.  This  component  is  ecjual  in  intensity  to  the  raax- 
innini  unit  horizontal  shear.  Therefore  with  a  constant  shear 
from  support  to  load  each  stirrni)  must  carry  a  stress  equal 
to  the  maximum  unit  horizontal  shear  multiplied  by  the  area" 
of  the  neutral  surface  between  adjoining  stirrups;  this  area's 
breadth  is  b  and  length  s. 
Therefore 


v'  sb 
u  a 


(10) 


Wl 


lO.i  "  Stirrups              ^^i'Bors^  /0,4'°5firrups 

^--t-^— - — I-  If— ■       I      ■  -.      .      ■     -, 


I  I  I  j-^-n 


5,  io  Bars' 


tm±±r:A 


^    III!  ^ 


^//^     ^^/     >''  ^' 


<    I 


\  3    4    ?     '/OS 


l'^ 


\ 


M,   16 


W^ 


4-6  -^ 4 

-O i^ 

—  -^-6   ^ 

J 5/     lOj    j//    8/       5^61   7\   /7^I9 

F  p,  ,/?f  ]/ ,: 

^\3 

,AV-^ 

^ // 

-o 

K^ 

XI 


Z^?/'"  Stirrups 


I      I      I 


■^^A=^  ^m 


u> 


c^ 


^iiiii 


.-  \"  . 

■8-^ 


X^ 


^f=?--=p--=»irT- -r -I — r~i — I — r 


~p ic      ir  1^ w — -^^^ — n u< 

/7//^/  7\6l3(/:?ff?jl3\/9   (////  4\r\/6  i/8  j^f?  |j?  )/0  ]a\/ 


-^ . — . . . . ^ 

Fig.  6. — Beams  of  Seriks  E — Reinfokcement  and  Cbacks. 


BEAMS  OF  SERIES  E 


In  order  to  secure  more  data  concerning  the  effect  of  rein- 
forcement in  the  compi-ession  side  of  a  beam,  four  rectangular 
beams  were  ivini'oi'ced  and  dimensioned  as  shown  in  Figure  6. 
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These  beams  were  made  like  beams  '[\.  1\.  V,  and  V^  of  Series 
B  in  the  bulletin  of  the  senes  of  1906,  with  the  exception  that 
they  had  additional  web  reinforcement  in  the  form  of  stirrups 
to  prevent  diagonal  tension  failures.  In  order  to  obtain  a  com- 
parison of  all  the  tests  of  this  kind.  Tables  XII  and  XIII  of  the 
bulletin  of  the  series  of  1906  have  been  incorporated  in  Tables 
VI  and  YII  of  this  bulletin. 


TABLE  VI. 

Series  B  AND  E:     Rectangular  Beams. 
Stresses  in  Steel  and   Concrete.      2.9  per  cent  Reinforcement  in  Tension. 


-d 

Stress  in    Steel. 

73 

P4 
O 

ft 

Ibs./in.s 

o  d 

a 

P 

r2 

Q 

1 

o  a 

a 

IS 

73 

_3 

'3 

c 
o 

III 

u 

o 

2.        kA  • 
«      !  £Q  g 

5^ 

o 

73           73 

02 'S 

WJOJ 

.2 

c 

BSja 

o 

o  '^ 

a  «« 

^  o  ^ 

c 

V^ 

6 

d 

w 

o  — 

Si 

2  c 

2  a 

1— 1 

(b7 

(•^) 

\\ 

c 

22, 160 

.670 

35,200 

36,000 

2,260 

1,290    1.75 

C&DT 

20, 160 

.675 

31,600 

33, 00 J 

2,050 

1,275 

1.61 

R. 

2 

DT 

26, 160 

.590 

39,000 

39,0001  40,000 

2,370 

1,715 

1.43 

R. 

2 

DT 

26, 160 

.600 

39,100!  39,000    45,000 

2, 260 

1,580    1.46 

T, 

4 

DT 

22, 160 

.570 

32,800 

33,000!  33,0U0 

1,610!  1,715 

0.94 

T, 

4 

DT 

24,160 

.565 

35, 700 

33,800j  36,000 

l,760j  1,385 

1.27 

V, 

6 

DT 

25, 160 

.510 

36, 100 

.36,000   28,500 

1,780 

2,240 

0.79 

rw^ 

6 

DT 

29, 160 

.555 

42,500 

42,000   39,000 

1,670 

1,770 

0.94 

4 

T 

34,000 

.503 

46,100!  43,500'  34,000 

2,880 

2,600 

1.11 

J  W2 

4 

T 

34,000 

.503 

46,100    45,000 

33,900 

2,880 

2,600 

1.11 

XI 

6 

T 

33,000 

.511 

45,000    48,000 

39,000 

2,000 

1,500 

1.33 

X2 

-V. 

6 

T 

34,000 

.550 

47,100]  46,500 

1 

42,000 

1,830 

1,530 

1.20 

C  =  Compression  .     DT  =  Diagonal  Tension.     T  =  Tension. 
Age  of  specimens 28  days. 


As  shown  in  Fi^re  6  these  beams  failed  in  tension  followed 
rapidly  by  crushing  at  the  top  directly  above  the  failure  crack. 
The  stirrnips  effectually  prevented  any  diagonal  tension  failures. 

The  results  given  in  the  tables  and  the  moment-deformation 
curves  in  Figure  7  show  that  lower  steel  was  stressed  beyond  the 
elastic  limit  in  the  beams  of  Series  E.  The  deflection  curves 
show  a  more  sudden  failure  in  beams  P^  and  Po  than  in  those 
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of  Series  E.  The  latter  beams  held  the  maximum  load  for 
some  time  before  failure.  It  is  of  interest  to  note  that  the  de- 
flection curves  for  beams  W  1,  W  2,  X 1  and  X  2  are  practically 
straight  lines  up  to  the  maximum  load.  In  beams  "W  1  and  W  2 
the  concrete  was  mucli  stronger  than  in  beams  X  1  and  X  2  which 
accounts  for  the  increased  stress  in  the  heavier  compression  re- 
inforcement of  the  latter  beams. 


Values  o     v  and 


Series  B  and  E 
M 


bd-- 


TABLE  VII. 

Rectangular  Beams. 
Breadth  7f".     Effective  Depth  9|", 


Total 

Max. 

Moment 
in. lbs. 

Stress  on 

Beam. 

Load 
Applied 

Kind  of 
Failure. 

M 
bd-'. 

Ibs./in-. 

Cube  and 
Cyl. 

lbs. 

lbs  ./in-. 

Pi 

24,780 

C 

585,600 

794 

164 

1,290 

P. 

21,3»0 

C  &DT 

504, 500 

683 

141 

1,275 

R, 

28, 740 

DT 

680,500 

922 

190 

1,715 

r! 

27,840 

>i 

660.500 

895 

184 

1,580 

Ti 

24, 180 

51 

571,000 

774 

160 

1,715 

t! 

31,260 

)) 

741,000 

1,003 

207- 

1,385 

V, 

27,580 

)) 

652, 000 

884 

182 

2, 240 

^v. 

31,380 

" 

744,500 

1,008 

207 

1,770 

i   Wl 

■34,000 

T 

805,900 

1,060 

218 

2,600 

'   W'J 

34,800 

" 

824,900 

1,085 

223 

2,600 

'*    XI 

33,500 

?) 

793,900 

1,043 

218 

1,500 

^  X2 

34,800 

824,900 

1,085 

223 

1,530 

(J  =  Compression.     DT=  Diagonal  tension. 
T  =  Tension.     Age  of  specimens,  28  days. 


Series  B  and  E  show  conclusively  that  it  is  possible  to  greatly 
increase  the  strength  of  reinforced  beams  by  placing  rein- 
forcement  in   the   compression   side    and   properly   reinforcing 

M 
against  diagonal  tension  stresses.       The  average  value  of  r  r^ 

for  beams  Pj  and  Pj  is  739,  and  the  same  quantity  for  beams 
W 1,  W  2,  X  1  and  X  2  is  1,068,  or  an  increase  of  44  per  cent. 
Furthermore  a  steel  reinforcement  in  the  compression  side 
provides  an  additional  factor  of  safety  against  failure  through 
poor  concrete.     'J'his  series  of  tests  also  shows  the  necessity  of 
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using  stirrups  in  heavily  reinforced  beams,  even  where  the 
ratio  of  span  to  depth  is  large,  in  order  to  provide  against 
sudden  failure  due  to  excessive  tensile  web  stresses. 

An  interesting  experiment  was  performed  on  beam  X  2.  It 
was  loaded  up  to  16,000  pounds  and  the  load  released.  This  was 
repeated  four  times.  The  stress  developed  in  the  lower  steel 
was  about  21,000  pounds  per  square  inch  and  that  in  the  upper 
about  17,000  pounds  per  square  inch.  The  value  of  k  for  the 
first  load  was  .524.  After  the  first  loading,  there  was  a  per- 
manent deflection  of  .05  of  an  inch.  This  permanent  deflec- 
tion did  not  increase  under  the  repetition  of  loads  until  the 
fifth  load  of  16.000  poimds  was  applied  and  released,  when  it 
became  .055  of  an  inch.  Cracks  Nos.  1-8,  Figure  6,  appeared  at 
the  firet  loading,  causing  the  first  permanent  deflection,  and 
Xos.  9-18  causing  the  increase  in  permanent  deflection,  ap- 
peared at  the  fourth  repetition.  Cracks  1,  2  and  11  extended 
up  to  the  middle  of  the  beam  at  the  last  16,000  pound  load. 
The  beam  was  then  turned  over  so  that  the  ^-inch  rods  were 
in  the  tension  side,  and  loads  up  to  9,000  pounds  were  applied 
and  released.  This  load  caused  cracks  A  to  L  to  appear  and 
developed  a  permanent  deflection  after  removal  of  load  of  .06 
of  an  inch.  The  stress  caused  by  this  load  in  the  -|-inch  rods, 
the  lower  reinforcement  in  this  case,  was  about  20,000  pounds 
per  square  inch  tension  and  in  the  upper  f-inch  rods,  about 
8.000  pounds  per  square  inch  compression.  The  value  of  k  for 
this  load  was  .366.  The  beam  was  then  turned  over  and  loads 
applied  until  failure  occurred  at  34,800  pounds.  It  will  be 
noted  that  the  ultimate  strength  of  this  beam  could  not  have 
been  greatly  reduced  by  the  repeated  loadings  as  it  withstood  a 
somewhat  higher  load  than  its  mate,  X  1.  In  Figure  7,  the  per- 
manent deformations  and  deflections  for  a  set  of  loadings  are 
sliown  by  the  position  of  the  second  set  of  points  at  the  initial 
moment. 

2.    BEAMS   OF    SERIES   F 

This  series  consisted  of  fourteen  beams  dimensioned  and  re- 
inforced as  shown  in  Figures  8,  9  and  10.  These  beams  were  re- 
inforced heavilv,  about  one  per  cent,  figured  on  the  area  of  the 
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k  =  proportionate  depth. 
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Fig.  8.— Beams  of  Series  F— Reinforcement  and  Cracks. 
[27] 


94 


BULLETIN    OF    THE    UNIVERSITY    OF    WISCONSIN 


"TV 


""%^^i2E^& 


-I?,  g  Corr  Srirrups^--^ 


El 


■■UJJJiU-l 


Li.Lt-       ■■    ■ ' 


1 1 1 1 1 1  i^nrn 


■- li-ku 


iiluirx_. 


I      6,i  CorrBors  | 


^r^/^r-^^i^^  1^^  K  i^^N^f^"" 


E^ 


''"■TITIT'U  I  I  I  I  I  I 


MINI  I  f^Tl~^' 


^KII  I>i4  I  I!  I                                 llilU<lMH^ 
llXliU-LmiJ J-LuLLiLj-inii 


^ 


Y  //h</y/M\z  i//m  ^H  /^^\K  ,v^X^ 


.V,re  Neshinj    /Mesh   '*IIWirp-j     Tl 


\ 


..- / 


t  '^j  -^  Corr£rjrs         \ 


^^ 


^/^TM.!l<f^^ft^,f^\l> 


2^' 


iiil 
11 


HI  tr  lA-Ll' 


rz 


^=^ 


\ 


n 


■i^     "^-^     \        *£  5'"       /         -''^       fa 


/ 


X 


L/-<?X 


^^if/  ;:':'^ 


'^y2//n'f(5^l\^\^\S 


\-^r?f^<i^'h 


/oo 


^/  o- 


Fig.  9. — Beams  oi-  Series  F — Reinforcement  and  Cracks. 
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enclosed  rectangle  b'  d,  in  order  that  high  compressive  stresses 
might  be  developed  in  the  flange.  This,  together  with  the  small 
ratio  of  span  to  depth,  also  caused  large  tensile  stresses  in  the 
web.  Stii-raps,  inclined  rods  and  meshing  were  employed  as 
web  reinforcement.  Figure  3  under  2  shows  the  kind  of  stir- 
rups used  in  this  series.  The  method  of  loading  is  shown  in 
Plate  II.  The  16-inch  flange  beams  weighed  about  1,850  pounds 
and  those  with  24-ineh  flanges  about  2,200  pounds  each.  Du- 
plicate beams  were  made,  the  results  of  which  show  close  agree- 
ment in  all  cases. 
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Fig.  10. — ^Beams  of  Series  F — Rei>'foscemext  and  Cbacks. 


Tables  YIII  and  IX  contain  the  computed  data  for  this 
series  of  tests.  Figures  11  to  17  give  moment-deformation  and 
deflection  curves  for  this  series.  All  beams  of  Series  F,  except 
beams  G  1  and  G  2,  failed  in  tension  followed  by  compression  in 
the  flange.  In  general,  tension  cracks  were  first  visible  in  the 
middle  and  on  the  bottom  of  the  span  of  the  beam  at  a  stress 
of  12,000  to  15,000  poimds  per  square  inch  in  the  steel.  As  soon 
as  the  diagonal  tension  became  too  great  for  the  concrete  in  the 
web  to  transmit  to  'the  compression  side,  diagonal  tension  cracks 
would  appear.  These  cracks  sometimes  started  from  tension 
cracks  near  .stirroips,  while  at  other  times  they  opened  up  in 
the  middle  of  the  web  between  the  stirrups.  In  nearly  all 
cases  thev  crept  up  to  the  flange  and  then  horizontally  along 

[29] 


96 


HlLl.KTIX    OF    TIIK    UNIVERSITY    OF    WISCONSIN 


WITHEY PLAIN    AND     REINFORCED     CONCRETE 


97 


[31] 


^^  BULLETIN    OF    THE    UXIVEESITV    OF    WISCOXSI?; 

tlie  jiuiction'  of  flange  and  web.  In  the  beams  which  liad  both 
stirrups  and  inclined  rods  for  web  reinforcement,  these  cracks 
did  not  produce  failure.  In  these  beams  failure  came  through 
the  weakening  of  the  tension  side  of  the  beam  when  the  steel 
passed  the  yield  point;  one  of  the  previously  observed  tension 
cracks  would  widen  considerably,  owing  to  the  increased  stretch 
in  the  steel,  and  this  caused  a  large  amount  of  compressive 
stress  to  be  thrown  upon  a  small  area  in  the  flange  w^hich  would 
finally  crush.  This  general  type  of  failure  is  well  illustrated 
in  Plate  III,  beam  C  1,  and  Plate  IV,  beam  D  2.  In  nearly  all 
cases,  upon  removing  the  concrete  from  around  the  rods  at  the 
point  of  failure,  the  metal  was  foimd  to  have  scaled,  showing 
conclusively  that  it  had  passed  the  yield  point.  This  was  es- 
pecially noticeable  in  beams  A  1,  A  2,  C  1,  C  2,  D  1  and  D  2. 

Beams  G  1  and  G  2  failed  through  diagonal  tension  owing  to 
insufficient  web  reinforcement.  In  both  beams  the  i-inch 
stirrups  were  broken  near  the  failure  crack,  indicating  that  the 
increased  stress  brought  upon  them  by  the  failure  of  the  con- 
crete loaded  them  beyond  their  capacity.  These  two  beams 
failed  suddenly,  accompanied  by  a  sharp  snap,  due  to  the 
breaking  of  the  stirrups.  In  Plates  VI  and  VII  just  below 
the  aiTow  tips  are  seen  the  broken  stirrups. 

In  beams  A  1  and  A  2.  corrugated  bars  and  stirrups  were  em- 
ployed to  insure  against  a  failure  due  to  slipping  of  the  stir- 
rups. Beams  B  1  and  B  2  were  similarly  reinforced  horizontally 
but  had  ^-inch  mild  steel  round  rods  for  stirrups. 

The  tests  of  these  four  beams  show  there  was  no  advantage 
gained  in  using  the  deformed  bai-s  as  stirrups.  In  this  series 
there  was  no  evidence  of  slipping  of  the  smooth  rods  either  in 
the  stirrups  or  horizontal  reinforcement.  Beam  B  2  fell  while 
being  moved  and  w^as  cracked  in  the  middle,  across  the  top  and 
down  through  the  flange.  This  injury  did  not  materially  af- 
fect its  strength  but  accounts  for  the  sag  in  the  deflection  curve 
and  moment-deformation  curve  for  concrete  and  the  lower  posi- 
tion of  the  neutral  a:xis  sho'vvn  in  Figure  12. 

Beams  C  1  and  C  2  had  smooth  round  mild  steel  rods  for  both 
web  and  main  reinforcement.  These  two  beams  were  not  as 
strong  as  those  whose  main  reinforcement  consisted  of  corru- 
gated bars  owing  to  the  lower  yield  point  of  the  round  rods. 
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The  failure  of  both  of  these  beams  was  slow  as  is  shown  by  their 
deflection  curve  in  Figure  13. 

The  beams  reinforced  with  expanded  metal,  beams  F  1  flnd 
F  2,  showed  a  large  number  of  cracks  uniformly  distributed 
along  the  beam.  Beam  F  1  stood  the  highest  load  of  any  of  the 
16  inch  flange  beams.  Plate  VIII  and  Figure  9  shows  the  cracks 
which  appeared  in  this  beam  at  the  maximuin  load. 


TABLE  VIII. 
Series  F:  Tee  Beams  A 


-IG  2. 


Stresses  in  Steel  and  Position  of  the  Xeutral  Axis.    1   per  cent  Reinforce- 
ment. 


Load 

Tee 

Consid- 

Beam. 

ered. 

lbs 

Al 

64,000 

A2 

61,000 

Bl 

62,000 

B2 

62,000 

CI 

58,000 

C2 

51,000 

Dl 

88,000 

D2 

96,000 

El 

88,000  i 

E2 

82.000 

Fl 

66,000 

F2 

64,000 

*G1 

44,030 

*G2 

44,000 

Stress 

n  Steel 

Posi- 
tion of 

1 

Moment 

Neu- 

by 

at  Load 

tral 

by 

Deform 

Consid- 

Axis. 

Moment 

ation. 

ered. 

k. 

lbs. /in.  2 

lbs. /in.* 

in.  lbs. 

1,265,000 

.435 

49, 100 

54, 500 

1,265,000 

.417 

48, 800 

58.000 

1,225,000 

.449 

47,600 

48,000 

1,225,000 

570 

49, 800 

54,000 

1,145,000 

.39S 

44,500 

46,500 

1,065,000 

481 

12.600 

42,01)0 

1,742.000 

.489 

45,500 

47,500 

1,902.000 

.421 

48,500 

54,000 

1,74:^,000 

.478 

45, 200 

50,5(K)  1 

1,625,000 

.516 

42,600 

46,000 

1,305,000 

.448 

50, 800 

57,500 

1,265,000 

.415 

48,700 

57,000 

865,000 

.394 

33, 100 

32, 200 

865,000 

.421 

33, 400 

27,900 

Stress  in 
Concrete 


by 

Moment 

Ibs./in.^ 

B. 


on 
Cylin- 
der. 
lbs. /in. 

C. 


1,940 
1,990 
1,840 
1,610 
1 ,  850 
1,550 
1,710 
2.0.i0 
1,750 
1,570 
1,970 
1,990 
1,400 
1,360 


2, 460 
1,640 
1,970 
1,9.30 
1,950 
1,650 
1,650 


1,930 
1,730 
1,770 
2,290 

2,290 


.79 
1  21 
.93 
.83 
.95 
.94 
1.05 


.91 

.91 

1.11 

.87 

".59 


*Failed  in  diagonal  tension:  all  others  failed  in  tension. 
Age   of  specimens  28  days. 


Of  the  24-inch  flange  beams,  beam  D  2  showed  the  greatest 
strength  and  held  the  maximum  load  from  a  deflection  of  .5  of 
an  inch  to  1.15  inches.  Figure  9  shows  that  the  web  of  this 
beam  was  covered  with  a  large  number  of  diagonal  cracks  caused 
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by  the  hif,'li  tensile  web  stress.     Plate  IV  shows  the  beam  after 
it   wfis   tested. 

Beams  E  1  aiul  K  2  did  not  show  as  high  strength  as  beam  D  1 
and  U  2.  As  the  kind  of  failure  in  all  cases  was  practically  the 
same  and  the  deformation  curves  indicate  that  the  yield  point 
of  the  metal  was  reached,  it  seems  evident  that  the  steel  in  the 
former  beams  had  a  lower  yield  point  than  that  in  the  latter. 

Table  VIII  gives  the  position  of  the  neutral  axis  and  the 
stresses  in  the  steel  and  concrete.  The  average  position  of  the 
neutral  axis  for  the  16-inch  flange  beams  is  about  .43d,  and  for 
the  24-inch  tlange  beams  it  is  approximately  .48d  from  the  top 
of  the  beam.  The  value  of  k  computed,  on  the  basis  of  an 
enclosed  rectangle,  by  fomiula  (3)  with  n  =  10  is  .425. 

The  stresses  in  the  concrete  and  steel  were  computed  by  for- 
mulae (7)  and  (8).  The  formulae  for  rectangular  beams, 
formulae  (1)  and  (2).  if  used  in  computing  these  stresses, 
would  give  results  averaging  two  per  cent,  larger  than  those  given 
by  the  formulae  used  for  the  stresses  in  the  steel  and  about 
twenty  per  cent,  smaller  for  those  in  the  concrete  for  the 
narrower  flanged  beams  and  still  larger  discrepancies  if  ap- 
plied to  the  wider  flanged  beams.  The  stresses  in  the  steel 
obtained  from  deformations  check  quite  closely  those  computed 
from  resisting  moment.  The  str(\sses  in  the  conci'cle  in  general 
are  somewhat  lower  than  the  ultimate  compressive  strength 
of  the  corresponding  compres.sion  specimens.  However,  from 
the  rapidity  with  whicli  c()nii>ression  in  tlu'  flange  followed  the 
tensile  failures  in  the  steel  and  from  the  large  deformations  in 
the  concrete,  it  is  quite  evident  that  the  compressive  strength  of 
the  c(mcrete  was  developed  in  these  beams. 

Table  IX  contains  the  values  of  tensile  strength  of  the  auxil- 
iary specimens  fUul   v'   at  the  first  diagonal   crack,  also  values 

of  v'   and    ,  '  ,„    at  Uie  iiiaxininni    load.     Tlu'  (inantitv  v'   was 

h    (I* 

obfjiincd  by  using  foniiula  (9)  as  i)reviously  explained.  Con- 
si(lci-al)le  care  was  taken  to  note  llie  load  at  the  first  appearance 
of  a  diagonal  crack,  'i'lie  iiiaxiuiuni  unit  sheai-  v'  computed  from 
these  loads  averages  17!t  ])oini(ls  per  s(|uai(»  inch  ( excluding  D  2) 
and  tlic  iiK'iin  vjiluc  of  llic  Iciisilc  slrcngtli  of  Hie  (i-incli  cylinders 
is  187  pounds  per  square  inch.  There  is,  however,  considerable 
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difference  between  the  strength  of  the  specimen  and  V  at  the 
first  crack  in  individual  cases. 


TABLE  IX. 
Series  F:   Tee  Beams  A  1— G  2. 


M 


Reinforcement— shearing  stresses  —  ,  ,  ,g 


Reinforcement. 

At  First 

Diagonal 

Crack. 

Ultimate  tensile  strength 
ofcyl.    'bs./in.*. 

At  Maximum  Load. 

Tee 
Beam. 

o 

u 
tn     . 

cs:S 

^3 
cS 

a 

3 

a  . 

53 
< 

ea 

a> 

§ 

M 

Al 
A2 
B  1 
B2 
C  1 
C2 
Dl 
D2 
El 
E2 
Fl 
F2 
*G1 
*G2 

(  4,    f-in.  cor.  bars 

I      (2  bent). 

\  14,  ^-in.  cor.  stir- 

(      rups. 

/  4,  |-in.  cor.  bars 

I     (2  bent). 

(  16,  ^-in.  round  stir- 

(      rups. 

\  5,  f-in.  round  rods 

(      (3  bent). 

( 16,    ;^-in.  round 

(     stirrups. 

{  6,  f-in.  cor.  bars 

/      (3  bent). 

(  14,  f-in.  cor.  stir- 

\      rups. 

(  6,  |-in.  cor.  bars 

\      (3  bent). 

j  24,  |-in.  cor.  stir- 

\     rups. 

f  4,  |-in.  cor.  bars 

L     (2  bent). 

(  1-in.  wire  mesh. 

(      No.  11  wire. 

(  4,  \-\n    cor.  bars 

(      (straight). 

(  16,  |-in.  round 

/      stirrups. 

24,000 
32,000 
42,000 
26,000 
34,000 
34,000 
46,000 
58,000 
46,000 
40,000 
30,000 
28,000 
24,U00 
28,000 

128 
171 
226 
150 
181 
185 
247 
306 
244 
215 
158 
150 
126 
149 

256 
167 
260 
157 
197 
216 
182 

148 
184 
142 
174 
184 
164 

66,600 
66,200 
65,600 
62,400 
60,000 
57,400 
96,200 
101400 
92,800 
88,000 
67,600 
65,400 
48,000 
48. 200 

308 
306 
304 
289 
278 
265 
445 
470 
429 
407 
313 
302 
222 
223 

361 
357 
357 
354 
322 
316 
526 
544 
505 
485 
368 
352 
259 
260 

452 
450 
444 
425 
407 
390 
437 
460 
420 
400 
459 
445 
323 
324 

*Failed  in  diagonal  tension;  all  others  failed  in  tension. 
Age  of  specimens  28  days. 
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•w;  Beain  D  2  developed  the  highest  unit  shearing  stress  of  544 

M 

pounds  per  square  inch  and  also  the  highest  value  of  ,  ,    j. 

{4:60).  The  high  horizontal  shearing  stresses  developed  in  these 
heavily  reinforced  beams  of  lar^e  depth  in  proportion  to  span 
length  indicate  that  such  stresses  will  not  cause  failure  in  the 
ordinary  tee-beam  if  it  is  properly  designed  to  resist  diagonal 
tension  stresses.  In  none  of  the  beams  tested  did  the  flanges 
fail  or  separate  from  the  web  due  to  shearing  stresses  primarily. 
It  is  necessary,  however,  to  guard  against  this  form  of  failure 
by  allowing  the  stirrups  to  extend  well  up  into  the  flange  of 
the  beam. 


3.    BEAMS  OF  SERIES  X 

The  beams  of  this  series  were  made  and  tested  as  thesis  work 
as  previously  stated  in  the  introduction.  The  beams  may  be 
divided  into  two  classes;  those  in  which  the  web  reinforcement 
was  rigidly  attached  to  the  main  l)ars.  and  those  in  which  it 
was  loosely  attached.  In  the  first  twelve  beams  of  this  series, 
Kahn  bars  were  used  as  reinforcement.  In  six  of  the  twelve 
beams  the  flanges  of  the  bars  Avere  entirely  sheared  oif  and 
the  prongs  i-eplaced  by  loose  stirrups.  In  the  other  six.  the 
prongs  were  bent  up  either  at  45°  or  90°  with  the  axis  of  the 
main  bar.  The  last  seven  beams  of  this  series  had  a  variety  of 
reinforcements.  The  amount  of  main  reinforcement  used  in 
the  first  twelve  beams  was  .6  of  one  per  cent,  of  the  area  of  the 
enclosing  rectangle,  b'd;  beam  N  14  had  one  per  cent,  and  the 
rest  of  the  series  had  approximately  .66  of  one  per  cent.  Ex- 
cepting beam  N  14.  the  amount  of  web  reinforcement  was  the 
same  for  all  beams. 

Figures  18,  19,  20  and  21,  show  how  this  series  was  dimen- 
sioned and  i-einforced.  Tables  X  and  XI  contain  the  results 
of  comjMitations  for  this  series.  As  the  neutral  axis  for  all  these 
beams  was  in  the  flange,  fornmlae  (1)  and  (2)  were  used  in 
computing  stresses  in  the  steel  and  concrete  for  all  beams  upon 
which  extensometer  i-eadings  were  taken.  Formula  (3)  was  used 
to  calculate  tin-  \;iluc  of  1<  foi-  Ihc  first  six  beaTiis.  n  being  taken 
equal  to  10. 
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k  =  proportionate  depth. 
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k  =  proportionate  depth. 
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In  the  beams  with  loosely  attached  web  membei-s  and  straight 
horizontal  reinforcement,  no  rods  bent  np,  the  final  failure  oc- 
curred through  slipping  of  the  rods  either  before  or  just  after 
the  yield  point  of  the  metal  was  passed,  when  the  load  fell  off 
i-apidly.  This  did  not  occur  in  tests  of  the  beams  with  rigidly 
attached  web  members.  Bean:s  .\  1.  X  8.  X  6.  X  7.  X  10  and 
N  12  failed  through  slipping  of  tbe  rods  in  the  manner  men- 
tioned. Beams  X  2,  N  4.  X  5.  X  8.  X  !)  and  X  11  failed 
in  tension  at  the  center.  In  these  latter  beams  the  steel  was 
stressed  considerably  beyond  the  yield  point,  and  failuVe  was 
very  slow  as  shown  by  the  detiectioii  curves. 

In  beams  X  5  and  X  9  the  ])i'ongs  of  the  Kahn  bars  were 
bent  up  at  an  angle  of  45°,  while  in  beams  X  8  and  N  11, 
they  were  bent  up  vertical.  The  former  showed  considerably 
greater  strength  than  the  latter  beams.  Beams  reinforced  with 
inclined  loose  stirrups  showed  a  small  inciease  in  strength  over 
those  in  which  the  stirrups  were  set  vertically. 

Beam  N  13  was  reinforced  M'ith  four  f-inch  rods,  the  mid- 
dle two  being  bent  up  as  shown  in  Figiire  20.  Upon  the  other 
two  rods  w^ere  slipped  twenty-three  1  x  Virinch  slitted  band 
iron  stirrups.  These  stirrups  are  shown  in  the  end  view  of 
the  beam.  As  can  be  seen,  they  were  bent  to  form  a  rectangle 
open  at  the  bottom.  The  slits  were  cut  in  the  middle  of  the 
1-inch  sides  near  the  ends  and  the  iron  pulled  out  so  that  the 
f-:nch  rods  passed  through  parallel  to  the  1-inch  sides.  Beam 
N  14  was  similarly  reinforced  witb  stirrups  but  had  f-inch 
rods  for  main  reinforcement  and  md  |)lates  to  which  these 
rods  were  attached  to  prevent  any  slipping.  Beam  X  17  was  re- 
inforced vvith  tM'O  1  X  1  -x  i-inch  angles,  one  ^-inch  and  two 
f-inch  rods,  the  latter  being  bent  up  at  the  ends  as  .shown  in 
Figurt'  21.  Twenty-three  lioop.s  of  tlic  band  iron  used  in  the 
above  beam  were  spaced  as  shown  and  rigidly  bolted  to  the 
angles  at  tbf  lower  corners  of  the  hoops. 

These  thi-ee  beams  all  failed  slowly  by  tension  at  the  center. 
In  all  three  a  large  number  of  ci-acks  wei-e  developed  as  shown 
in  Figures  20  and  21.  Beam  N  13  failed  in  crack  Xo.  16.  which 
did  not  appear  until  the  maxiiinnii  load  was  almost  reached. 
After  beam  X  14  had  failed,  the  load  was  released,  and  it  was 
again  reloaded  willi  tlic  sninc   iii;i\iiiiinii   I'l.id  but   an  increased 
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deflection.  This  was  followed  by  crushing  of  the  concrete  in 
the  flange.  The  deflection  curves  for  these  beams  indicate  the 
slo"WTiess  with  which  these  beams  failed. 

Beams  N  15,  N  16,  N  18  and  N  19  were  all  reinforced  with 
round  rods,  part  of  which  were  bent  up,  and  loose  W-stirrups 

TABLE  X. 

Series  N:     Tee  Beams  N1-N19, 
Stresses  in  Steel  and  Position  of  the  Neutral  Axis. 


Tee 

Beam, 


Nl 
N2 
N3 
N4 
No 
N6 
N7 
N  8 
N9 
N  10 
Nil 
N  12 
N13 
N  14 
N  15 
N  16 
N  17 
N  18 
N  19 


Load 

Consid 
ered. 

lbs. 


24,000 
34,600 
26, 000 
37,400 
32,600 
24,000 
22,0U0 
24,200 
42,000 
26,000 
34,000 
32,000 
30,000 
39,000 
32,000 
32,500 
30,0')0 
29,000 
38,000 


Moment 

at  Load 

Consid 

ered. 

in.  lbs. 


Posi- 
tion of 
Neutral 

Axis 
k. 


468,900! 
681.400! 
407,9001 
591, 000 1 
637,600' 
466, 600 1 
426, 600 1 
470,000, 
661,500! 
405, 000 i 
535.0001 
505,0001 
587,000 
770,000 
625,0  0 
635,000 
590,000 
565,000 
59),  000 


.345 
.345 
.315 
.345 
.344 
.341 
.362 

405 
.360 
.341 
.340 
.315 
.313 
.425 

330 
.380 

342 
.324 
.368 


Stress  in  Steel 


by  Mo 
ment 

lbs  ./in.  2 


39, 400 
57,400 
34,300 
49,600 
62, 100 
45,500 
38,800 
43, 700 
60, 200 
36,700 
48, 300 
45, 000 
47, 100 
45,000 
51,000 
53.500 
44,500 
44,400 
50. 000 


by 

Deform 

ation. 

lbs  /in.- 


37,500 
42,000 
36,000 
27,900 
40,500 
42,000 
46,500 
33,000 
40,500 
42,000 
36,000 
40.500 
32,000 


Stress  in 

Concrete 

on 

by  Mo- 

Cylin- 

ment. 

der. 

lbs./in.« 

Ibg./in  » 

B. 

C. 

1,050 

1.540 

1,530 

1,310 

910 

1, 100  ! 

1,320 

1,450 

1,510 

2, 140 

1,110 

1,280 

970 

1,590 

970 

1,640 

1,500 

1,390 

970 

2,060 

1,290 

1,400 

1,320 

1,300 

1,540 

2,030 

1,600 

1,5-20 

1,540 

1,200 

1,400 

1,180 

1,400 

1,400 

1,420 

1,320 

1,330 

1,970 

.68 

1.17 

.83 

.91 

.71 

.87 

.61 

.59 

1  08 

.42 

.97 

1  01 

.74 

1.05 

1.28 

1.19 

1.00 

1.08 

.67 


Age  (jf  specimens  6  weeks. 


set  vertically.  The  manner  in  which  these  beams  were  rein- 
forced is  shown  in  Figures  20  and  21.  These  beams  aU  failed  by 
tension  at  the  center.  Beams  N  15  and  N  16  stood  considerably 
higher  loads  than  N  18,  showing  the  advantage  of  distributing 
the  metal  in  small  rods.  Beams  N  15  and  N  16  also  sho^w  a 
4  [491 
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large  nuiiibei'  of  cracks  distributed  throu^ihout  the  leugth  of 
the  beam. 

It  ^s  of  interest  to  compare  these  beams  and  beam  N  13  with 
those  having  the  rigidly  attached  reinforcement,  beams  N  5, 
N  8.  X  9  and  N  11.  Figures  22  to  27  contain  moment-deforma- 
tion curves  and  deflection  curves  which  will  be  of  assistance  in 
forming  this  comparison.  It  is  very  probab'e.  in  the  tests  of  the 
beams  with  the  round  rod  reinforcement,  that  the  sudden  de- 
crease of  loading  after  the  maximum  had  been  reached  was  due 
to  the  inability  of  the  oil  pump  to  supply  pressure  rapidly 
enough.  The  valves  of  this  pump  had  become  worn,  and  in  the 
tests  of  the  latter  part  of  this  series,  considerable  difficulty  was 
encountered  in  holding  the  load  long  enough  to  take  extenso- 
meter  readings.  This  explanation  seems  all  the  more  probable 
after  the  tests  of  Series  E  and  F.  in  which  the  beams  reinforced 
with  smooth  rods  held  the  maximum  load  for  some  time.  Out- 
side of  this.  ])eams  N  15  and  X  16  compare  well  with  beams 
having  Kahii  bai's  sheared  u])  at  45°. 

Table  X  shows  the  position  of  the  neutral  axis  and  the  stresses 
in  the  steel  and  concrete  for  tliese  l)eams.  The  average  value 
of  k  corresponds  very  closely  to  Ihe  theoretical  value  computed 
from  formula  ( 8 )  when  n  —  10.  The  latter  value  is  used  in  ob- 
taining the  stresses  for  beams  XltoX'G.  In  beams  X  5  and  X  9, 
the  steel  was  evidently  loaded  to  its  ultimate  strength.  Table  XI 

M 

gives  values  of  the  shearing  stresses  developed  and  ^^r-^a- 

Xot  enough  horizontal  reinforcement  was  used  in  this  seriea 
to  fully  test  the  value  of  the  various  reinforcements  in  pre- 
venting diagonal  tension  failures.  It  is  quite  evident  that  a 
I'i'iidly  attached  wcl)  reinforcement  is  of  decided  advantage  in 
pi-c\('nting  boiul  failures  in  short  and  relatively  deep  beams. 
I  low  efficacious  a  i-einforcemeut,  which  concentrates  a  large 
portion  of  its  metal  in  single  wel)  members,  would  be  in  resist- 
ing higli  diagonal  tensile  stresses  is  a  matter  for  further  experi- 
;;;enls  to  determine.  Kigidly  attached  web  membeis  inclined  at 
45°  aie  in  a  hettei-  position  to  I'csist  diagonal  tensile  stresses  than 
those  which  are  bent  up  vertically. 

In  beams  with  smooth  rods  and  hwse  web  reinforcement,  it 
is   necessaf\.    in   shoi't   and    i-elatively   deep   Ix-ains.   to   keep  the 
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TABLE  XI. 

Series  N:     Tee  Beams  N1 — N19. 

Reinforcement — shearing  stresses  — 


M 


b'd« 


Age  of  specimens  6  weeks. 


Reinforcement. 

At 

Maximum  Load 

a 

a  . 

a  u"- 

03 

3^3 

®  i:  fl 

3  ^  a 

M 

axim 
Loa 

lbs. 

V 

verag 
shea] 
bs./i 

v' 

axim 

she 

lbs./ 

^ 

J2 

H 

S 

< 

§ 

N  1 

1,    1-inch  square  bar 

24,000 

176 

202 

209 

10  |x-^-inch  stirrups. 

N2 

1,    1-inch  Kahn  bar \  . 

inclined  alternate  shearing 

31,600 

254 

291 

304 

N3 

1,    1-inch  square  bar 

26,000 

190 

218 

182 

12,  f-inch  stirrups 

N4 

1,    1-inch  Kahn  bar i . 

37,400 

274 

314 

264 

inclined  alternate  shearing 

N5 

2,   |-inch  Kahn  bars   v  . 

inclined  alternate  shearing 

32,600 

174 

200 

302 

N6 

2,    4-inch  square  bars 

24,000 

128 

147 

221 

14,   1-inch  inclined   W-stirrups 

N7 

2,  |-inch  square  bars 

20,  |-inch  W-stirrups              , 

22,000 

117 

135 

202 

N8 

2,   f-inch  Kahn  bars '. . 

vertical  alternate  shearing      : 
2,  |-inch  Kahn  bars V. 

28,000 

149 

176 

258 

N9 

47,200 

251 

290 

352 

inclined  alternate  shearing 

N  10 

2,  J-inch  square  bars 

34,000 

181 

207 

253 

12,  l^-inch  inclined  W-stirrups 
2,  f-inch  Kahn  bars X. 

N  11 

39, 000 

207 

238 

290 

vertical  alternate  shearing 

N  12 

2,  |-inch  square  bars 

J6,  {-inch  W-stirrups 

34,000 

181 

204 

25S 

N  13 

4,  |-inch  round  rods  (2  bent)  . . . 
23,  Ix^ij-inch  slitted  stirrups 

32,000 

174 

197 

312 

N14 

4,  |-inch  round  rods  (2  bent).  .  . 
23,  Ixji^-inch  slitted  stirrups 

44,000 

239 

274 

431 

N15 

6,   V-nch  round  rods  (4  bent) 

18,  l^-inch  W-stirrups 

34,200 

182 

207 

BIT 

N16 

Same  as  N  15 

32,500 
32,400 

173 
172 

202 
197 

302 

N17 

2,    ^   and    1,  Mn.  round  rods  (2 

302 

bent) 

23,  Ix^-inch  hoops 

NIB 

4,  S-inch  round  rods  (2  bent)   . . . 
18,   [-inch  W-stirrups 

30,000 

160 

182 

278 

N19 

6,   i-inch  round  rods  (4  bent) 

14,  [-inch  W-stirrups 

40,000 

213 

247 

298 

[51] 


118 


BULLETIN    or    THE    UNIVERSITY    OF    WISCONSIN 


400000 

z> 

f 

J 

O 

^0 

BEAM  N1 

0.61   PERCENT   REINF'CT 

1,1  inch   SQUARE  BAR 
10,7/8-1/4  inch  STIRRUPS 

200000 

/ 

.A,' 

^ 

K 

V 

r 

0 

I 

^ 

.^ 

— 

« 

^ 

. 

-■^ 

— 

— 

"-' 

600000 

^ 

■^ 

^ 

/ 

400000 

j; 

4 

r 

i 

^i. 

BEAM  N2 

0.61    PERCENT    REINF'CT 
1, 1  inch    KAHN    BAR 

INCLINED  ALTERN.^TE   SHEARING 

200000 

i 

.^' 

N 

f 

7 

0 

1 

400000 

7— 

i^ 

'-$ 

' 

BEAM  N3 

0.61   PERCENT   REINF'CT 
1,1  inch    SQUARE   BAR 
12,3/8   inch  STIRRUPS 



) ,»-, 

o 

/^ 

0 

,( 

y- 

— . 

•^ 

400000 

/ 

<^ 

_^ 

t^ 

^ 

( 

^- 

BEAM  N6 

0  61   PERCENT  REINF'CT 
2,3/4  inch   SQUARE   BARS 

14,  1/4  in    INCLINED   W-STIRRII'S 

200000    % 

?•'" 

n 

7~ 

^ 

b 

1  1  1  1  M  M  1 

Deflection  at  oontcr  in  iiiclH>s. 
Fig.  22.— Beams  of  Series  N — Moment-Deflection  Cxtrves,  Etc. 


[52] 


WITHE  Y PLAIN^    AND    KEIXFORCED     CONCRETE 


119 


k  =  proportionate  depth. 
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Deformation  per  unit  length. 
Fig.  23. — Beams  of  Series  N — Moment-Deformation  Curves,  Etc. 
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k  =  proportionate  depth. 
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k  =  proportionate  depth. 
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k  =  proportionate  depth. 
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k  =  proportionate  depth. 
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main  reinforcemeut  distributed  in  small  members  to  guard 
against  failures  due  to  insutficieut  bond.  AYhen  a  portion  of 
the  rods  are  bent  up,  the  strength  of  the  beam  is  increased 
against  both  bond  and  diagonal  tension  failures,  and  the  bent 
up  rods  can  be  carried  over  the  supports,  if  the  span  is  contin- 
uous, furnishing  resistance  to  the  negative  bending  moment. 

The  subject  of  the  amount  of  shearing  reinforcement  will  be 
discussed  further  in  this  bulletin  under  the  head  of  "Web  Re- 
inforcement." It  is  only  necessary  to  say  in  passing  that  the 
stirrup  bent  rod  combination,  a  strong  meshing  or  a  large  num- 
ber of  small  stirrups  properly  distributed  with  reference  to  the 
loading,  such  as  was  used  in  Series  F  and  N  appear  to  provide 
adequate  resistance  against  these  stresses. 

4.     Beams  of  Series  G 

This  series  of  beams  was  designed  to  study  the  deformations 
along  stirrups  in  reinforced  concrete  beams.  The  dial  extenso- 
meter  apparatus  was  used  for  measuring  these  deformations. 
The  sockets  shown  in  Figure  3  were  placed  on  the  stirrup  when 
the  beam  was  made,  as  previously  explained,  at  the  desired  dis- 
tance apart.  When  a  beam  was  to  be  tested,  dials  were  screwed 
into  the  upper  sockets  and  metal  plugs  into  the  lower.  To 
the  plugs  Xo.  32  covered  copper  wires  were  attached  which  were 
lead  up  around  the  drum  of  the  dial  and  held  taut  by  a  weight ; 
Figiu'es  28  and  29  show  how  the  beams  v.-ere  dimensioned  and 
reinforced.  The  circles  in  the  figures  show  where  these  plug's 
were  placed  in  the  beams.  Plate  V  shows  a  beam  with  dials 
attached  to  both  top  and  bottom  sockets. 

Unfortunately  most  of  these  tests  failed  to  furnish  trust- 
fw^orthy  data  owing  to  faults  in  mixing  and  in  design.  The 
stone  used  in  making  concrete  for  the  bottom  of  these  beams  was 
too  large  to  be  worked  around  the  rods  and  fonned  in  pockets 
so  that  the  bond  between  the  concrete  and  smooth  round  rods 
was  greatly  impaired.  As  a  consequence,  slipping  in  the  mid- 
dle portion  of  the  span  occurred  at  a  relatively  small  load,  and  a 
large  part  of  the  strass  in  the  steel  was  carried  to  the  hooks  at 
the  end  of  the  rods  in  the  overhanging  end  of  the  beam  before 
it  was  transferred   into  the  concrete.     This  brought  about   an 
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entirely  different  distribution  of  web  stress  from  that  ordin- 
arily encountered  and  caused  tension  cracks  to  appear  in  the 
tops  of  some  of  the  beams  over  the  supports.  In  most  of  these 
beams,  failure  occurred  due  to  slipping  of  the  rods  accompanied 
by  the  breaking  of  the  lower  comer  beneath  the  turned  up  por- 
tion of  the  rods.  Stirrup  deformation  readings  will  not  be 
given  for  beams  H  1  to  L  2.  Tables  XII  and  XIII  contain  the 
stresses  in  the  steel,  shearing  stresses,  and  bond  calculated  for 
this  series.  The  stress  in  the  steel  was  computed  by  formulae  (1), 

TABLE  XII. 
Series  G:     Rectangular  Beams  H  1-M  2. 
Stress  in  Steel,  1.75  per  cent.  Reinforcement. 


Maximum 

Moment  at 

Stress  in 

Beam. 

Load. 

Maximum  Load. 

Steel. 

lbs. 

in.  lbs. 

lbs./in.3 

H  1 ... 

51,400 

811,000 

28,400 

H  2 

50,400 

940, 000 

32,800 

I     1 

58,000 

918,000 

32,000 

I    2 

57,700 

914,000 

31,900 

J    1 

60,000 

950,000 

33,200 

J    2 

68,200 

1,080,000 

37,800 

K  1 

57,700 

914,000 

31,900 

K  2 

55, 200 

873,000 

30,500 

L   1 

52,000 

822,000 

28,700 

L   2 

37,700 

593,000 

20,700 

M  1 

69, 800 

1,107,000 

38,100 

M  2 

60,200 

954,000 

32,800 

Age  of  specimens  28  days. 


(2)  and  (3)  with  n=  10.  The  value  of  the  bond  is  calculated  by 
dividing  the  total  stress  in  the  steel  by  the  product  of  the  sum 
of  the  perimeter's  of  the  rods  and  the  distance  from  load  to  end 
of  beam.  While  the  turned  up  bare  affect  this  quantity  mater- 
ially, the  results  may  be  of  empirical  value. 

Beams  M  1  and  M  2  were  reinforced  with  straight  corrugated 
bars  and  did  not  fail  through  bond  but  in  diagonal  tension.  In 
testing  these  beams,  dials  were  fastened  on  both  sides  of  the 
beam  at  points  A  and  B,  Figure  29,  and  plugs  placed  directly 
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below  at  a  di.stance  of  12  inches.  In  Figure  30  there  are 
four  curves  showing  deformations  in  stirrups  for  corresponding 
total  loads.  In  beam  M  1  crack  No.  1  occurred  at  a  load 
of  20.000  pounds,  ■cracks  Nos.  2,  3,  4  and  5  at  40,000 
pounds,  and  cracks  Nos.  6.  7  and  8  at  48,000  pounds.  The 
metal  in  the  third  stirrup  from  the  load  scaled  in  crack  No. 
4.  After  crack  No.  8  opened  up,  the  dials  on  both  sides  of 
the  beam  at  A  showed  a  decreased  reading  for  several  loads. 


TABLE  XIII. 
Series  G:  Rectangular  Beams  HI — M2. 
Reinforcement — Shearing  Stresses — Bond. 


Beam. 


HI 
H2 
I  1 
12 
Jl 
J2 
K  I 
K2 

LI 
L2 

*M  1 

*M  2 


Reinforcement. 


At  Maximum  Load. 


5,  f-inch  round  rods 

12,  |-inch  round  stirrups 

5,  f-inch  round  rods 

6,  |-inch  round  stirrups   

5,  |-inch  round  rods 

12,  |-inch  round  stirrups 

5,  |-inch  lound  rods 

Wire  Meshing  1-in.  mesh  No .  11 
wire 

5,  |-inch  round  bars 

5,  f-inch  round  bars 

4,  |-inch  Cor.  bars 

12,  ]-inch  round  stirrups  ...... 


51,400 
59, 400 
58,000 
57,700 
60,000 
68,200 
57,700 

55,200 

52,000 
37,700 
69,800 
60, 200 


V  Average 
Shear. 

Ibs./in.'^ 

v'  Maxi- 
mum Shear. 
Ibs./in.'- 

197 

247 

232 

285 

227 

279 

226 

278 

234 

288 

266 

328 

226 

278 

216 

265 

203 

250 

148 

181 

272 

335 

235 

290 

m 


127 
146 
143 
142 
148 
169 
142 

136 
128 
123 
170 
146 


♦Failed  in  diagonal  tension;  all  others  failed  in  bond. 
Age  of  specimens  28  days. 


It  will  be  noted  in  all  the  cmn^es  that  there  is  a  small  amount 
of  compression  induced  in  these  stirrups  before  the  concrete 
cracks.  This  disappears,  however,  as  soon  as  a  crack  appears  in 
the  vicinity  of  the  stirrup.  For  example,  in  the  test  of  M  2, 
there  was  a  deformation  of  .00025  of  an  inch  at  a  load  of  17,100 
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pounds;  at  the  next  load,  25,300  pounds,  crack  No.  1  ap- 
peaj'ed  and  the  deformation  became  zero.  The  deformation 
then  became  tensile  as  shown  in  the  figure.  Stirrup  A  in  this 
beam,  however,  did  not  begin  to  stretch  imtil  crack  No.  2 
appeared  on  its  side  of  the  beam  at  a  load  of  36,000  pounds. 
Crack  No.  3  came  at  a  load  of  44,000  pounds  and  crack 
No.  4  at  50,000  pounds.  The  total  stretch  at  maximum 
load  of  stirrup  A  in  beam  ]\I  1  was  .0019  inches,  in  Beam  M  2 
.0027  inches.  It  would  be  interesting  to  see  if  similar  results 
would  be  obtained  from  other  stirrups  further  removed  from 
the   load. 

5.    Web  Reinforcement 

From  the  tests  of  Series  G,  especially  beams  M  1  and  M  2,  it 
seems  quite  evident  that  stirrups  are  not  stressed  with  a  tensile 
load  until  the  adjacent  concrete  is  cracked.  The  compression  pro- 
duced in  the  cases  discussed  at  the  first  loadings  may  be  due  to 
the  proximity  of  the  stirrup  to  the  point  of  application  of  the 
load.  After  the  concrete  is  cracked,  they  carr^-  a  portion  of  the 
vertical  shearing  stresses  depending  upon  the  deformations  pro- 
duced in  them  by  the  opening  crack.  In  general,  then,  stirrups 
are  a  factor  of  safety  against  rupture  due  to  an  overload. 

Formula  (10)   g  =  ^'— ^    (see  page    88),  is    derived    on    the 

assumption  that  the  shear  is  constant  between  loads  and  sup- 
ports, that  the  concrete  carries  no  diagonal  stress  after  it  is 
cracked,  that  no  bars  are  turned  up,  that  the  rods'  resistance 
to  being  bent  be  neglected  and  that  the  distribution  of  stress 
is  unchanged  after  the  crack  appears.  Wliether  these  assump- 
tions are  correct  or  incorrect,  for  stresses  in  the  stirrups  be- 
low the  yield  point  of  the  metal,  is  a  matter  for  further  investi- 
gation. In  the  tests  of  beams  Gl,  G2,  Ml  and  M2.  the  stresses 
in  the  stirrups  ran  beyond  the  yield  point  as  indicated  by  the 
scaling  and  breaking  which  occurred;  see  Plates  VI  and  VII. 
The  rasults  in  Tal)le  XIV  were  coinputod  from  formula  (10).  It 
is  quite  evident  from  the  ('oiii]uited  stresses  in  the  stirinips  that 
the  fonnnla  gives  values  which  are  too  high.  In  the  beams 
which  had  inclined  rods  a  considei-able  portion  of  the  diagonal 
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tension  was  taken  up  by  the  rods.  I'erhaps  in  this  series,  where 
one-half  of  the  rods  were  turned  up.  as  much  as  one-half  of 
the  total  diagonal  tension   was  transmitted   in  this  way. 

Tests  of  the  beams  with  straight  rods  demonstrate  that  there 
is  a  large  error  in  the  two  assumptions  that  the  concrete  car- 
ries no  web  stress  after  it  is  cracked  and  that  the  resistance  to 
bending  of  the  reinfoi-cing  l);)rs  may  be  neglected. 

TABLE  XIV. 

Computed  Stresshs  in  Stirrups. 
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The  crack  sketches  Fiuurts  8.  9.  10,  2S,  and  29  and  the  Plates 
VI.  VII  and  VIII  throw  some  light  ui)on  this  i>roblem.  It  will 
be  noted  in  n:'arly  all  these  sketches  tluit  llie  iii-st  diagonal 
cracks  opened  np  nenr  the  loading  ]>oin1s  while  1hos(>  near  the 
supports  did  mil  ;ippe;ir  until  soinelime  latei'.  'I'lie  cracks  do 
not  extend  Io  llie  1n|i  of  the  Itejini  until  they  produce  failure. 
Then  some  ol'  t'n'  wi  b  s'ress  will  bi'  carried  bv  the  uncrackcd 
conci'cte  and  .some  b\   tlie  stii'i'uos  going  through  the  crack.  As 
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the  crack  tends  to  spread,  due  to  increased  loads,  the  stirrup 
will  take  more  and  more  stress.  Now,  if  the  amount  of  metal 
in  the  stirrups  be  small  so  that  they  alone  cannot  resist  the 
vertical  shear,  they  will  be  stressed  beyond  the  yield  point. 
Then,  due  to  their  increased  deformation,  there  is  a  redistri- 
bution of  stress  in  order  to  maintain  equilibrium ;  the  crack 
widens  and  more  downward  force  is  exerted  upon  the  main 
rods  which  try  to  tear  themselves  free  from  the  concrete.  This 
results  in  pioducing  tlio  commonly  observed  crack  running 
along  the  plane  of  the  rods.  Also  some  of  the  stress  in  the 
main  rods,  which  would  if  the  concrete  were  not  cracked,  be 
taken  off  as  diagonal  tension  by  the  concrete,  is  transmitted 
along  towards  the  end  of  the  beam.  This  is  followed  by  another 
diagonal  crack  nearer  the  support  than  the  first,  and  the  same 
sort  of  adjustment  of  stresses  to  preserve  equilibrium  again 
takes  place.  As  a  result  the  web  stresses  in  the  beam  are  par- 
tially taken  care  of  by  the  concrete  and  the  resistance  to  bending 
of  the  main  rods,  so  that  the  assumptions  underlying  formula 
(10)  must  be  considered  when  deformations  in  the  web  are  suf- 
ficient to  produce  stresses  in  the  stirrups  beyond  their  yield 
point,  if  economy  in  stirrups  be  an  object  in  design. 

As  was  indicated  in  the  tests  of  the  series  of  1906,  distribu- 
tion of  web  reinforcement  is  an  important  consideration  in 
the  design  of  reinforced  concrete  beams  subjected  to  high  shear- 
ing stresses.  The  manner  in  which  the  cracks  appeared  in 
the  beams  of  the  present  series  only  serves  to  strengthen  that 
assertion.  It  is  noteworthy  fact  in  this  connection  that  the  wire 
meshing  used  gave  excellent  results  in  the  tests  and  was  easily 
liaiidlcd  fUifl  kept  in  plnr-o  wliilt^  tln'  beams  wore  bointr  made. 
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INVESTIGATION  OF  THE  HYDRAULIC  RAM 


INTEODUCTION 

Although  the  ' '  hydraulic  ram ' '  was  invented  over  one  hundred 
years  ago,  its  design  has  never  been  put  upon  a  rational  basis. 
Because  of  this  fact  and  the  consequent  inability  of  designers 
to  forecast  the  performance  of  the  machine,  it  has  not  received 
the  attention  from  engineers  which  its  usefulness,  simplicity 
■and  cheapness  should  demand  for  it.  Its  use  is  mostly  con- 
fined to  small  sizes,  and  it  is  still  considered  by  many  merely 
-as  a  scientific  novelty  suitable  for  pumping  only  small  amounts 
where  efficiency  is  not  of  great  importance. 

Although  the  opportunities  fqr  u.siug  rams  are  limited,  as  com- 
pared with  those  for  the  use  of  steam  pumping  engines,  never- 
theless there  are  many  cases  where  a  ram  could  be  employed 
for  lifting  water  with  a  very  material  saving  were  its  action  bet- 
ter undei-stood  so  that  engineers  and  manufacturers  might  ven- 
ture farther  beyond  the  boundaries  of  precedent  in  their  designs.^ 

Experimental  data  to  be  of  general  value  must  be  accompanied 
by,  and  correlated  with,  a  theoretical  investigation.  If  not,  the 
-conclusions  drawn  can  only  be  assumed  to  apply  within  the 
usually  narrow  range  of  the  experiments  and  vrill  not  form  a 
safe  precedent  for  extending  the  size  and  range  of  usefulness  of 
the  machine. 

Although  the  action  of  the  ram  is  somewhat  more  complicated 


'  A  notable  example  of  a  comparatively  larse  hycli-aiillc  ram  for  municipal  sup- 
ply is  that  at  West  Dundee,  111.,  whicli  has  supplied  a  town  of  1,000  with  water 
for  about  twelve  years  at  a  total  operating  cost  of  only  a  few  dollars  for  the 
renewal  of  valves,  and  has  required  practically  no  attention.  (See  the  descrip- 
tion by  the  designer,  Mr.  D.  W.  Mead.  moml>er  Am.  Soc.  C.  E..  Eng.  Rec,  4-4: 
174.)  Kams  are  also  advertised  for  which  the  manufacturers  claim  deliveries  as 
ligh  as  1.000.000  gallons  of  water  per  day. 
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than  that  of  other  pumps,  it  is  nevertheless  controlled  by  abso- 
lute mathematical  laws  which  can  be  derived  with  as  great  a  de- 
gree of  accurac}'-  as  that  with  which  the  original  assumption  can 
be  made  without  obtaining  irreducible  equations. 

It  has  not  been  possible  within  the  limited  time  at  the  dis- 
posal of  the  writer  to  cover  the  entire  field  of  investigation 
which  was  originally  planned,  and  the  present  paper  should 
therefore  be  considered  as  a  preliminary  or  progress  report  hav- 
ing the  following  objects  in  view : 

1.  To  derive,  in  so  far  as  possible,  general  mathematical 
laws  which  shall  apply  to  all  single-acting  hydraulic  rams'  under 
all  conditions  of  use. 

2.  To  show  that  these  formulas  are  justified  by  experimental 
data  in  so  far  as  the  data  thus  far  accumulated  apply. 

Acknowledgments  are  due  Mr.  A.  H.  Ayers  and  Mr.  C.  0. 
Brandel  for  valuable  assistance  in  the  work  of  observing  and 
in  the  analj'sis  of  data;  and  to  Mr.  J.  C.  Steen  for  help  in  the 
detailing  of  apparatus. 
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GENERAL  DISCUSSION 

Description  of  the  Typical  Hydraulic  Ram 

A  typical  cross-section  of  a  single  acting  hydraulic  ram  is 
shown  in  Figure  1. 


5UPFLY  TAHK 


U  DI5CHAR&C 
PIPE 


■CHCCK  VALVC 


WA5TC  VALVC 


Fig.  1. — Typical  Hydraulic  Rah. 

Without  concerning  ourselves  at  present  with  the  cause  for 
this  action,  let  us  assume  the  ''waste-valve"  W,  to  open  while 
the  water  in  the  "drive-pipe"  is  at  rest.  Water  will  at  once 
hegin  to  flow  down  the  drive  pipe  from  A  and  escape  at  W.  The 
rate  of  flow  will  increase  until  the  forces'  acting  upon  the  bottom 
of  the  valve,  due  to  causes  to  be  mentioned  later,  cause  it  to  close. 
Thereupon  the  pressure  will  suddenly  rise  in  the  drive  pipe  due 
to  the  effect  of  the  sudden  retardation  of  the  water,  a  phenom- 
enon known  as  water  hammer,  and  some  Avater  will  be  forced 
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through  the  check  valve  into  the  air  chamber  even  though  the 
pressure  in  the  air  chamber  greatly  exceed  that  due  to  the  head 
H.  The  cushioning  effect  of  the  air  in  the  chamber  serves 
nearly  to  equalize  the  pressure  and  therefore  produce  a  nearly 
uniform  How  from  the  ram  to  the  discharge  tank  at  ele- 
vation B.  After  the  water  in  the  drive  pipe  has-  been  brought 
to  rest,  by  the  combined  action  of  the  opposing  forces  of  pres- 
sure in  the  air  chamber  and  friction,  a  reaction  (the  nature  of 
which  will  be  left  for  a  later  discussion)  opens  the  waste  valve 
and  another  cycle  of  events  begins.  A  ram  thus  utilizes  water 
power  to  pump  water  to  an  elevation  greater  than  that  of  the 
supply. 

Its  action  takes  place  in  two  entirely  distinct  stages.  During 
one  stage,  kinetic  energy  is  being  stored  in  the  drive  pipe  at  the 
expense  of  the  potential  energy  contained  in  the  supply  water. 
The  drive  pipe  only  is  in  action,  and  its  function  is  that  of  an 
accumulator  of  energy.  This  will  be  called  the  "acceleration 
stage  or  period."  During  the  second  stage  the  water  in  the 
drive  pipe,  by  virtue  of  its  momentum  acquired  in  the  first 
stage,  serves  both  as  engine  and  pump  piston  to  force  water 
through  the  check  valve  into  the  air  chamber.  This  will  be 
called  the  "pumping  or  retardation  stage." 


Choice  op  Formula  for  Efficiency 

For  the  presentation  in  this  paper  of  a  discussion  of  that  al- 
ready over-discussed  subject  of  "the  cfificiency  of  the  hydraulic 
ram,"  the  writer  feels  that  he  owes  an  apology  to  the  engineer- 
ing public. 

We  would  much  prefer  to  assume  a  general  understanding  of 
the  subject  and  to  enter  at  once  into  a  discussion  of  new  theor- 
ies and  experiments,  relating  to  the  operation  of  the  machine 
in  question.  Inasmuch,  however,  as  there  are  now  in  use  two 
formulas  by  which  to  express  the  efficiency,  those  of  D'Aubuis- 
son  and  Rankine,  which  give  very  discordant  results,  and  as 
there  are  well  known  authorities  upon  hydraulics  who  still  adhere 
to  either  formula,  it  is  necessary  for  the  wi-iter  to  choose  a  for- 
mula for  use  in  this  paper,  and  to  defend  the  one  chosen. 

[10] 
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The  two  formulas,  the  correctness  of  which  have  long  been  in 
'dispute,  are: 

Rankine,  Em  =  7^^ 
D'Aubuissou.  Em  =  Vtt^I 

(Q+q)H 

^where  (see  Figure  1)  : 

Qr^water  wasted  through  valve  W. 

q  =  Avater  pumped  from  the  supply  to  the  discharge  reser- 
voir, 
H  =  elevation  of  water  surface  in  supply  tank  above  the 
level  of  the  waste  valve, 
and  h  ==  elevation  of  water  in  the  discharge  tank   above  the 
level  of  water  in  the  supply  tank. 


^/C 


£7.C. 


Fig.  2. 


Fig.  3. 


For  a  clear  understanding  of  the  basis  upon  which  the  two 
formulas  rest,  consider  Figures  2-7.  Figure  2  represents  a 
water  turbine  drawing  water  from  the  head-race  A,  and  di&'- 
charging  it  into  the  tail  race  B.  The  turbine  is  belted  to  a  pump 
which  draws  water  from  the  head  race.     The  turbine  uses  an 

[11] 
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amount  of  water  Q  per  unit  time,  and  the  pump  delivers  an 
amount  of  water  q  into  the  higher  reservoir  C.     The  efficiency 

■of  the  two  machines  considered  as  a  unit  is  evidently   ^-~ . 

QH 

The  condition  represented  in  Figure  3  differs   from  that  in 

Figure  2  in  that  the  pump  draws  its  water  from  the  tail  race  B', 

and  the  total  flow,  Q  +  q,  must  pass  through  the  turbine.     The 

•efficiency  of  the  combined  machines,  in  this  case,  is    -^v-^ rr. 

Eankine's  formula  expresses  the  condition  in  Figure  2  and 
D 'Aubuisson 's  that  in  Figure  3.  In  both  cases,  however,  the 
initial  and  final  conditions  without  regard  to  how  they  were 
brought  about  can  be  represented  by  Figures  4  and  5,  respec- 
tively. If  line  Bis  datum  level,  then  Q,  in  Figure  5,  has  lost  all 
of  its  energy,  and  the  ratio  of  the  final  to  the  initial  energies  is 
q(h  +  H) 
lQ  +  q)H" 

Figures  4  and  5  illustrate  exactly  the  theory  upon  which 
D 'Aubuisson 's  formula  for  the  efficiency  of  the  ram  is  based, 
and  if  this  theory  is  correct,  then  the  efficiencies  of  the  machines 
sho\Mi  in  Figures  2  and  3  are  equal,  since  the  initial  and  final 
•conditions  are  alike  in  both  cases. 

Again  consider  the  condition  represented  in  Figure  6.  Sup- 
pose Q  =  100  pounds  and  is  just  able  to  raise  the  weight  of 
•q  r=  40  pounds.     Let  H  =  10  feet ;  then  h  =  20  feet,  and  the 

efficiency    of    the    machine    is    unmistakalily    ^^  :=80  per  cent. 

QH 

The    ratio    of   final    to  initial  energy,  however,  is    ^-  ^ = 

(q  -t-  Q)  H 

^9^^-^   =   85.8%.     That  this  bitter  valu(>  of  the  efficiencv  of 

the  pully  system  is  inconsistent  will  be  evident  if  we  change 
the  initial  elevation  of  the  weight  q.  Suppose,  for  example, 
that  it  starts  from  the  elevation  20  feet    (shown  dotted)  ;  the 

ratio    of    final    to    initial    enei-v    is    ^^^^ ^  L^^  = 

•    .         100  X  10  +  40  X  20         iS(K) 

89%    in.stead  of  85.8%.     Thus,  if  we  express  the  efficiency  of 

the  x)ully  system  by  the  ratio  of  final  to  initial  energy,  we  might 

obtain  an  infinite  number  of  values,  depending  upon  the  initial 

position  of  the  load  lifted,  and  each  having  as  good  a  claim  to 
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truth  as  any  other.     It  does  not  need  to  be  argued  that  the- 

efficiency  of  the  pulley  system  i«   /J^  =  80%,  which  is  the  same- 

regardless  of  the  initial  elevation  of  either  Q  or  q  and  has  no 
definite  relation  to  the  proportion  of  the  total  original  potential 
energy  Avliieh  is  conserved  by  the  machine. 

The  principle  illustrated  by  the  pulleys  is  general  and  ap- 
plicable to  all  machines.  Applying  it  to  the  choice  of  formulas 
for  the  ram  we  must  ask  ourselves:  (1)  Which  of  the  quanti- 
ties, q  or  (q+Q),  is  utilized  for  power?  (2)  From  what  in- 
itial elevation  is  the  quantity  q  raised?  For  answer  let  us  fol- 
low the  ram  in  its  operation.  The  waste  valve  opens  and  water 
Avastes  until  a  certain  velocity  V  is  acquired.  During  this  time 
an  amount  of  water  Q  has  been  discharged,  and  the  water  q, 
which  is  to  be  pumped  by  this  stroke  is  still  in  its  initial  posi- 
tion in  the  supply  tank.  With  the  closure  of  the  waste  valve 
the  machine  changes  its  nature  instantly  from  that  of  an  ac- 
cumulator of  energy  to  a  pumping  engine.  The  forces  tending 
to  pumj)  water  are  those  due  to  the  momentum  of  the  water  and 
to  the  supply  head  H.  Resisting  these  forces  we  have  those  due 
to  the  head,  H  +  h,  and  the  frietional  resistance  of  valve  and 
pipe,  or  H  +  momentum  :=H  4-  h  +  friction.  Thus  the  head 
H  cancels  and  the  machine  acts  merely  as  an  inverted  syphon 
with  the  momentum  of  the  water  balanced  against  the  resistances 
and  the  head  alone.  In  fact  the  condition  during  the  pump- 
ing period  would  be  the  same  and  the  same  amount  of  water 
would  be  pumped  if  the  drive  pipe,  at  the  beginning  of  the 
pumping  period,  were  raised  to  the  upper  position  in  Figure  8, 
provided  both  pipe  lines  offered  the  same  resistance  and  the  same 
mass  of  water  were  in  motion  in  each  with  the  initial  velocity 
V. 

It  must  therefore  be  conceded  that : 

(1)  No  energy  is  accumulated  after  the  closing  of  the  waste 
valve,  and  hence  q,  which  is  at  rest  in  the  supply  tank  at  the 
time  of  closing,  does  not  contribute  to  the  work  done  upon  the 
machine. 

(2)  q  is  raised  from  the  elevation  A  and  not  from  B,  and 
hence  the  work  given  out  by  the  machine  is  qh  and  not  q(h+n). 

[14] 
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(3.  The  efficiency  of  the   ram   is  therefore  -^  as  given  by 

Kankiue,  and  the  condition  is  identical  with  that  in  Figure  2. 
It  is  not  to  be  assumed  from  this  discussion  that  the  writer 

intends  to  discard  the  use  of  the  function  'l!  ^^  r.T   ^^^Y  what- 

(Q  +  q)H 

ever  name  we  may  call  it)    as  worthless.     On  the  contrary  it 

is  a  very  useful  expression  for  comparing  the  results  obtained 

by   alternative   systems   for   disposing   of   the    original   energy 


Fig.  8. 


•(Q+q)H  of  the  stream.  On  the  other  hand  it  does  not  form 
a  fair  basis  for  the  comparison  of  the  results  obtained  by  the 
same  or  different  machines  under  varying  conditions,  as  it  is 
a  function  not  only  of  the  mechanical  efficiency  of  the  machine 
but  also  of  the  conditions  under  which  it  operates. 

"Without  agreeing  entirely  with  the  concliLsions  drawn,  the 
writer  would  like  to  recommend  the  paper  of  A.  J.  "Wood  with 
discussions  by  William  Kent  and  Theo.  "Woolsey  Jolmson  as 
very  instructive  on  this  subject.^ 


^  See  the  Stevens  Institute  Indicator  for  300L*,  p.  144. 

[15] 
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Water  Hammer 

In  order  to  correctly  understand  the  action  of  the  hydraulic, 
ram  it  will  be  necessary  to  review  the  laws  of  the  phenomenon 
of  "water  hammer."  "Water  hammer  is  the  term  commonly 
applied  to  the  sudden  rise  in  pressure  which  results  when  the 
flow  in  a  pipe  is  quickly  stopped  by  the  sudden  closure  of  a 
valve.  It  is  closely  related  to  the  smaller  rise  in  pressure  due 
to  a  slow  closure  of  the  valve  and  to  the  fall  in  pressure  as  a 
valve  is  opened.  In  fact  any  change  of  velocity  is  accompanied 
by  a  change  in  pressure  whose  initial  sign  depends  upon  the  sign 
of  the  velocity  increment.  Joukowsks'  in  his  admirable  work 
of  1897-98^  found  the  maximum  water-hammer  pressure  which 
may  be  produced  by  the  sudden  closure  of  a  valve  to  be  given 
by  the  formula: 

p  =  i^  a, 

where 

P  =  water  hammer  pressure  (in  excess  of  the  static  pres- 
sure) in  pounds  per  square  inch. 
X  =  the  velocity  of  wave  motion  in  the  pipe. 
V  =  the  extinguished  velocity  of  the  water. 
Av  =  the  weight  of  a  cubic  unit  of  water, 
g  =  the  acceleration  due  to  gravity  in  feet  per  second 
per  second. 
If  the  pressure  is  converted  into  head,  then 

g 

The  value  of  A  as  derived  by  Joukowsky  is 

1 


/  w     .     dw 
1/    Kg"+"^'E~g 


dw  (3) 


'  .loukowsky,  X.,  Vbcr  dcii  lli/ilmulinoJicii  Stttss  in  ^yas^^rl^itu)l(/sl■uhl■ell■  in 
Ann.  Imp.  Acad.  Sci.  of  f>t.  Petersburg,  9:  ',.  (I'ublished  in  Riisalan  and  Ger- 
man.) An  excellent  synopsis  of  tliis  worlv,  l)y  O.  Slmiu,  may  be  found  in  the 
Trans,  of  the  Amvr.  ^VatenrorUs  Assn.  of  /!")',. 
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where; 

K  =  the  voliunnar  modulus  of  elasticity  of  water  (about 
294,000-300.000  pounds  per  square  inch). 

d  =  diameter  of  the  pipe. 

e'  =  thickness  of  the  pipe  walls. 

E  =  modulus  of  elasticity  of  the  material  of  the  pipe. 
If  W  is  expressed  in  poimds  per  cubic  foot, 

K  in  pounds  per  square  inch, 

g  in  feet  per  second  per  gecond, 

d  in  inches, 

e  in  inches. 

E  in  pounds  per  square  inch,  and 

A  in  feet  per  second  then  (3)  becomes 

J12 

(4) 


X  = 


-'  +—  1 


/w 

V  g( 

and  varies  from  about  3,000  to  4,700  for  ordinary  sizes  of  pipe. 
Joukowsky  verifies  these  formulas  both  by  deductive  mathe- 
matical reasoning"  and  by  experiment. 


Z? 


_.c/ 


D' 


r- 


^3 


c 


A 


77 


r=c 


T^ 


Fig.  9. 


Let  Figure  9  represent  a  i)ipe  through  which  water  was  flow- 
ing only  a  moment  ago  with  a  velocity  V.  Suppose  the  gate  B 
to  be  instantly  closed  as  in  the  figure.  The  entire  column  of 
water  will  not  be  brought  to  rest  at  once,  due  to  the  elasticity 
of  the  pipe  and  water.  The  layer  of  water  immediately  ad- 
jacent to  the  valve  B  is  first  compressed  and  the  pipe  expanded. 
This  process  follows  with  each  elementary  layer  in  succession 
2  [171 
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from  the  gate  to  the  reservoir,  thus  having  the  nature  of  a 
pressure  wave  running  along  the  pipe  with  velocity  A.  The 
water  to  the  right  of  C,  the  front  of  the  wave,  continues  to  flow 
toward  the  gate  with  its  initial  velocity  V.  The  hydraulic 
gradient  is  shown  by  the  line  D  E  G  A.  When  C  finally  reaches 
the  supply  reservoir  the  entire  column  of  water  is  under  a 
uniform  pressure  higher  than  the  supply  head,  as  shown  by  the 
hydraulic  gradient  D  E  J  A,  Figure  9,  and  is  at  rest.  This 
condition  evidentlj^  cannot  continue.  The  result  is  that  the 
layer  adjacent  to  the  reservoir  expands  at  once  to  normal  volume 
and  the  pipe  surrounding  it  contracts,  thus  giving  to  this  layer 
of  water  a  velocity  V  toward  the  supply  reservoir.  The  next 
layer  follows  and  so  on  until  the  pressure  is  reduced  to  the  ori- 
ginal pressure  throughout  the  pipe  and  the  water  all  has  a 
velocity  V  toward  the  reservoir.  This  flow  of  the  water  from 
the  gate  tends  to  vacate  the  pipe  near  the  gate  and  thus  rarefies 
the  water  here.  This  negative  pressure  wave  then  follows  the 
same  cycle  as  outlined  for  the  higher  pressure  with  a  corres- 
ponding hydraulic  gratient  shown  by  line  D'  E'  G  A.  This  wave 
continues  to  traverse  the  pipe  backward  and  forward  until  its 
energy  is  dissipated  through  friction.^ 

The  Avriter  will  not  review  the  derivation  of  formula  (3) 
in  this  paper  but  would  like  to  propose  a  new  derivation  for 
formula  (1)  based  upon  principles  more  directly  applicable 
to  the  case  in  hand.  Joukowsky  derives  this  formula  by  two 
methods.  One  method  is  based  upon  the  principle  of  the  con- 
servation of  energy  and  the  other  upon  the  equality  of  the  vol- 
umes of  the  floi\v  in  the  pipe  for  a  time  At  and  the  space  to 
be  filled  by  this  flow  due  to  expansion  of  the  pipe  and  com- 
,  pression  of  the  water  in  a  length  Al  of  pipe. 

The  method  the  writer  wishes  to  propose  is  based  upon  the  prin- 
ciple of  acceleration  and  retardation  of  masses  by  applied  forces. 
Church^  has  studied  from  this  standpoint  the  efl'eet  on  the 
pressure  in  a  pipe  due  to  closing  a  valve  very  slowh^  at  a 
uniform    rale    and    also   at    vai-ialjlc    i-ates.     The    (Minatioiis    are 


-  For  a   fiirtlior  discussion   of   lliis   pi-oopss  see   Ihc   arliclo   1>.v   O.   ."^imin    in    the 
TranH.  ,\m.  ^V.  ^\'.  .1«.s'h,  VM)',.  pp.  .■!.-):{-::(;  1. 
'Juuf.  I'lunk.  Iiixl..  i'2U:  .-.L's.  ;;7  1. 
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too  complicated  for  a  general  solution,  but  he  gives  graphical 
solutions  of  particular  cases.  In  his  analysis  he  neglects  the- 
elasticity  of  the  water.  Tliis  can  be  safely  done  for  slow  clos- 
ures only,  as  will  be  seen  by  the  following  analysis. 

Let  ]\I  equal  the  mass  of  water  to  be  brought  to  rest  from  an 
initial  velocity  V  by  force  F  then  (with  a  rate  of  retardation 
a)  we  have 

F  =  Ma.  (5) 

The  force  F  Avhich  retards  the  water  is  equal  to  the  excess  of 
unit  pressure  in  the  pipe  at  the  end  over  the  static  pressure^ 
multiplied  by  the  cross-sectional  area  of  the  pipe.  When  the 
valve  is  instantly  closed,  were  it  not  for  the  elasticity  of  the 
water  and  pipe,  the  velocity  V  would  be  extinguished  in  zero 
time  and  therefore  a  ^  co  hence  F  =  oo  and  also  P  =  oo  -  In 
reality  the  pressure  P  is  limited,  for  the  initial  velocity  V  can- 
not be  extinguished  in  less  time  than  required  for  a  wave  to 

traverse  the  pipe=       .     Only  one  elementary  layer  of  water 

is  brought  to  rest  at  a  time,  and  the  maximum  rate  of  retarda- 
tion is  therefore, 

dv  V     AV 

=  ace. 


But 

and 

Substituting  in  (5) 

or 


dt  1        1 


g 


PA. 

Alw    AV 


PA  = 

g 


g 


the  same  [see  equation  ( 1 )  ] ,  as  obtained  by  Joukowsky  by  other 
methods.  Here  l=length  of  pipe,  and  A=area  of  cross- 
section  of  pipe.    • 

This    pressure    amounts,    for    ordinary    pipes,    to    about    60 
pounds  per  sciuare  inch  for  each  foot  of  extinguished  velocity. 
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"Where  the  velocity  is  very  slowly  extinguished  the  elasticity 
of  pipe  and  water  has  a  veiy  slight  effect  upon  the  pres- 
sure.    The  general  formulas  for  all  eases  are, — 

dv 


ace. 

dt' 

Alw 

M 

) 

g 

F 

=  PA, 

P 

Iw   dv 

~~g'di 

_  1    dv 

h 

~~  g'd?' 

(6) 


dv      fir 

—-  =  ^-'X   (accelerating  head)  '  (7) 

dt        1 


dv 


where    —    is  (for  anv  particular  pipe)  a  function  of  the  law 
dt 

and  rate  of  closure  of  the  valve,  but  can  never  be  greater  than 

A,  even  though  the  valve  close  in  zero  time. 

It  will  be  seen  as  ve  proceed  that  the  analysis  of  each  stage 

of  operation  of  the  hydraulic  ram  is  an  application  of  formula 

(7). 
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THEOE.ETICAI.  ANALYSIS 

For  convenience  of  reference,  the  meanings  of  the  symbols 
used  in  this  analysis  are  given  in  an  Index  to  Nomenclature  at 
the  end  of  the  paper,  and  are  therefore  omitted  here. 

The  two  principal  periods  of  operation  of  the  ram  are: 

1.  The  accumulation  of  kinetic  energy  at  the  expense  of 
the  potential  energj^  of  the  supply-water  while  the  waste  valve 
remains  open. 

2.  The  transformation  of  this  kinetic  energy  into  potential 
energ}'  in  the  form  of  water  pumped  while  the  waste  valve  is 
closed. 

The  former  is  a  problem  of  acceleration  under  the  influence 
of  applied  forces :  the  latter  a  problem  of  retardation. 


FiKST  OR  Acceleration  Period 

The  condition  during  the  first  period  is  illustrated  in  Figure 
10.  The  check  valve  is  closed  and  water  is  flowing  from  the  waste 
valve  with  increasing  velocity.  The  head  h^  is  that  necessary 
to  discharge  the  water  through  the  waste  valve,  as  through  an 
orifice,  and  is  therefore  increasing  as  the  water  in  the  drive-pipe 
accelerates. 

The  velocity  of  discharge  from  the  waste  valve  equals 

Hence 

tji  —  cav  i/2gh,  =  Av, 
and 

h.  =-A!_.;i.  (8) 

The  entrance  loss  =  m,  1!". 

2g 
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I 


Fig.  10. — The  Ram  Durixg  Acceleeation. 


Fig.  11. — The  Rxm  During  Retardation. 
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The  loss  of  head  due  to  friction-  in  the  drive  pipe  is   f  -  .  —  . 

d    2^ 

The  loss  due  to  elbows  and  other  obstructions  =  m.,  -- • 

-  2g' 

The  unbalanced  head  which  is  accelerating  the  water  at  any 

instant  is  therefore  the  difference  between  the  supply  head  and 

the  losses  from  all  causes,  or 

H-    (->+f^  +  -.+^+etc.)|^- 

Therefore, 

accelerating  head  =  H  —  mv- 
where 

m  =  (m^  -l-m., +  f  ,  -f  4^  +  ete.)  — .  (8a) 

V     '  -         d       c-a-  '  2g 

The  force  produced  by  this  head  acting  upon  the  area  A  is 

P  =  Aw  (H  — mv^). 

The  mass  of  water  to  be  accelerated  is 

Alw 
M  = 

1-1 

The  acceleration  is 

dv      F      e- 

s  =  «-"<"—'»•  <^' 

which   may   also   be    obtained    from   the    general    equation    (7) 
directly.     Separating  the  vai-iablos  t  and  y,  we  have 

g     H  —  mv- 


1 
t     =  - 


H  -  mv^' 


and 


Let 


1  l^H  -  V  \'m. 

t  =  — :=  loge  —I .  (10) 

2g  VmH  4  i4  +  V   V  m 


2g  VmH 

1"'    =^- 


Solving  equation  (10)  for  v,  we  have 

/H      eJ^  — 
V    m  ■  e^'  -h  1 


V  =  ,  /«   .  .^^^.  (11) 


^  See  Men-iman's  Treatise  on  Hijdidiilir.'^.  \>.  -08. 
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It  will  be  noticed  that 

V  =  -,  /^  (lla> 

1/     m 

is  the  equation  for  the  maximum  capacity  of  the  pipe  obtained 

by  the  ordinary  method^  and  that  (e^'  —  l)/(e^'  +  1)  approaches 

unity  as  t  approaches  infinity. 

Thus    the    velocity    continues    to    accelerate    and    approach 

,  /  -  as    a    limit.       Although    the    maximum    value    -,  /  ?> 
1/     m  I//     m 

is  theoretically  never  reached,  jQt  it  is  practically  reached  in  a 

few  seconds. 

The  water  wasted  in  time  t  is  proportional  to  the  distance 

s  moved  by  the  water  column  in  the  drive  pipe.     To  find  s  put 

_  ds  _       /H    eJ'  —  1 
""  ^  dt  ~  ]x^     m  ■  ei'    +  l' 

~  1/     m    U  +  e^t        V  ' 

and 


/H 

V     m 


dt 


P    2eitdt    _     P 

1  +  ei* 
«y   o  t/  o 

Integrating 


or 

s 


(12) 


^i/Zilf'-c^)-']- 

Since 

loge  N=  2.3026  logiu  N, 
then 

The  kinetic  energy  which  has  been  acquired  by  the  water  in 

the  drive  pipe  at  any  time  is 

Wv*         ltd-  V* 

^=4X1X62.5X25- 


(13) 


"See  Merrimnn's  Treatise  on  llydraiiliis,  p.  L'41,  formula  (97). 
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The  potential  enerjiv  expended  to  produce  this  kinetic  energy 
is 

'^-  X  62.5  s  X  H. 

The  efficiency  is  therefore  the  ciuotient,  or 

where  v  is  obtained  from  ill)  and  s  from  (13).  This  expres- 
sion may  be  called  the  Efficiency  during  the  Acceleration  Per- 
iod. 


Closure  op  Waste  Yalve 

Strictly,  the  second  period  should  begin  at  the  instant  that 
the  velocity  in  the  drive  pipe  ceases  to  accelerate  and  begins  to 
retard.  The  instant  at  which  this  happens  is,  however,  indef- 
inite imless  we  first  know  the  maximum  veloi^.ity  attained. 
It  occurs  some  time  during  the  closure  of  the  waste  valve  but 
not  at  the  beginning.  Until  the  waste  valve  begins  to  close,  m 
is  constant.  [See  equation  (8a)].  As  a,  the  area  of  waste 
valve  opening,  begins  to  decrease  in  closing,  m  begins  to  increase. 
This  causes  the  rate  of  acceleration  to  decrease  (the  velocity, 
however,  continuing  to  increase)  until  it  eventually  becomes 
equal  to  zero. 

Thus  the  maximum  velocity  is  reached  when 
dv 


dt 

—  0  in  equation  (9), 

or 

dv 
dt 

=  ^(H  — mv-')  =-0. 

Hence  when 

V 

-        /H 

~  1/    m 

(15) 
1/      m 

and 

H 

Thus  the  velocity  v  ceases  to  accelerate  at  the  instant  that  the 
waste  valve  reaches  a  position  snch  that  the  resistance  of  the 
pipe  and  Avaste  valve  together  is  sufficient  to  make  V  the  maxi- 
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mum.  velocity  attainable  Avith  conditions  of  uniform  flow  under 
head  H.     [See  equation  (11a)]. 
From  (8a) 


=  (,., +  f !+,.,+ j^ji. 


hence 


and 


2gH 
V- 


( m ,  +  f  -^  -f  m .  J  , 


It  will  be  obsen'ed  that 


(16) 


d 


'^g 


(lUj  +  f-^  +  m.j)- 


V- 


represents  the  friction  and  other  losses  in  the  drive  pipe.     The 
quantity  under  the  radical  is  tlierefore  h^  or  the  head  on  the 


Max'ifnum  Ve  loc(1y  in  Dr/ve  Pipe,-  feet  perSeco/7c/         \ 
7         '        ^       '        J  ^  S       55" 


DxAGiiAJC .  I. — Showing  the  Stagi:  Dvi{i>g  Closure  or  the  Waste 
Valve  at  Which  the  Velocity  Ceases  to  Inckease  and  Begins  to 
Decrkasks. 
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Avaste  valve  considered  as  au  orifice.     [See  equation    (8)    and 
Figure  10.]     Substituting  we  get 

AV 

a  -  — ^'  (17) 

•which  is  the  area  of  orifice  required  to  discharge  the  maximum 
flow  through  the  drive  pipe.     Therefore,  where  V  is  small,  the 


Avaste  valve  is  nearlj^  closed  before  the  velocity  ceases  to  accel- 
erate and  begins  to  retard. 

The  curve  in  Diagram  I  was  computed  from  equation  (17) 
for  the  conditions  given  on  the  curve.  The  points  sho^ATi  were 
experimental^  determined  by  measuring  the  maximum  flow 
through  the  pipe  with  the  waste  valve  fixed  at  various  openings 
as  shown. 
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The    differential   equation    Avliicli   represents   the    change    in' 
velocity  during  closure  is  rather  complicated  and  depends  upon 

the  rate   and  law.   (r  =    p-) ,    of   valve   closure.     It   may  be 
\  at  / 

expressed  as  follows;     See  equation   (9). 
■where  m.  v  and  t  are  all  variables. 

NOAV 

dv_  dv        day  ^  dv 

dt       day  ^    dt        da  -^ 
and  R  is  constant  only  when  the  valve  closes  with  a  uniform- 
velocity. 
Hence 

The  complete  curve  of  v  and  t  is  about    like    that    shown    in 
Figure  12  where 


R^^=?.(H-^  I  m,  +m,  +  f3+  ::^^~:;  I  v^).  (18) 


X  =  point  where  waste  valve  begins  to  close, 

y  =  point  where  v  =  V  =  i  /    — ' 
1/      ni 

and 

Z  =  point  of  conaplete  closure  of  waste  valve. 

Second  Period,  Retardation 

Because  of  the  complicated  form  of  the  equation  which  ex- 
presses the  slope  of  the  curve  beyond  the  point  X,  it  will  be 
convenient  to  assume  that  the  Avaste  valve  closes  instantly  with- 
out loss  of  velocity. 

Now  it  will  be  necessary  for  the  velocity  in  the  drive  pipe  at 
the  time  of  closure  to  exceed  a  certain  fixed  amount  before  any 
water  Avill  be  pumped.  This  critical  velocity,  upon  the  assump- 
tion of  instantaneous  closure,  will  be  that  velocitj^  which  will 
produce  a  water-hannner  head  just  equal  to  the  pumping  head. 
From  equation  (2)  this  velocity  Avill  be 

which  for  the  drive  pipe  in  use  amouuls  to  one  foot  decrease 
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in  velocity  for  each  136.3  foot  pumping  head.     (See  page  208). 

When  V  exceeds  this  critical  value,  it  must  be  instantly  re- 
tarded by  an  amount  sufficient  to  overcome  the  pumping  head 
and  the  initial  friction  head  through  the  check  valve  and  also 
the  friction  loss  in  the  drive  pipe  for  the  initial  velocity  of- 
flow  in  the  drive  pipe  after  closure  of  the  check  valve. 

It  was  found  by  actual  measurements,  which  will  be  described 
later,  that  the  loss  of  head  in  the  check  valve  varies  as  the  first 
power  of  the  rate  of  flow  through  it.  This  rate  of  flow  is  pro- 
portional to  the  velocity  v  in  the  drive  pipe  and  hence 

the  check  valve  loss  =  c'v. 
where  c'  is  an  experimental  constant,  the  value  depending  upon 
the  check  valve  used.     Hence 

-(V  — v')  =  h  +  c'v' +mv'^  (19;* 

Solving  for  v'  we  have 


■■=-(^'+^)  +  l/     (^'  +  ^)^+'"(|''-^). 


(20) 


2m 


Expanding  the  radical  into  an  infinite  series  to  make  the  com- 
putation of  v'  more  simple,  we  have 

„-_.g  „VS  J     ^g^^_  (21) 


Now  it  is  found  that  in  reality  mv'-  may  be  neglected  in  equa- 
tion (19)  without  appreciably  affecting  the  value  of  v'.  Omit- 
ting this  tenn  and  solving,  we  get 

V'  =  ^ ^,  (22) 


which  is  identical  with  the  first  term  in   (21). 


*  The  coollicieut.   m,  for  the  retardation   i>eriod  is :  in       I  1  +  iii]  +  mj  +  f      1 .5—' 


The  term.  1.  i?  inserted  because  practically  none  of  tlie  velocity  head  would   he   recov- 
c  -  a  - 


■ered  ;  it  takes  the  place  of  -'^ — .    for  the  acct'lpration  period. 
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Now 

h'  =  c'v'  =     ,   ,    .t    (  -  V  — h  )  .  (23> 

This  instantaneous  drop  (V-v')  in  v  is  represented  in  Figure 
12  by  Z  W. 

Assuming  now  that  the  Avaste  valve  has  closed  and  the  velocity 
has  been  reduced  from  V  to  v'  in  order  to  create  a  pressure  of 
h  +  h',  we  will  consider  the  forces  acting  upon  the  column  of 
water  in  the  drive  pipe.  The  only  head  tending  to  accelerate  the 
water  is  the  head  H.  The  heads  opposing  this  acceleration  are 
H.  h.  c'v  and  mv-.  The  ll's  cancel  and  leave  a  retarding  head 
of  h  +  c'v  +  niv-.  From  the  general  equation  of  acceleration 
and  using  a  negative  sign  to  indicate  retardation.  \ve  have 

or 

dt  =  -  -  .  ,-r-.'^V 5  •  (25) 

This  function  has  two  integrals  depending  upon  the  value  of 
the  discriminant   (c'--4mh). 

Case  I: — (Low  Heads),  when  c'-  >  4mh 
The  integral  of  equation   (25)   gives 


1  2mv  +  c'   —  l^c'- — 4inh 

t  =  —  ■  loge  _z.   +  C, , 

gl'c'- — 4mh  2rDv  +  c'   +   vc"- — 4mh 

where  Ci  is  a  constant  of  integration.     To  determine  C^  sub- 
stitute the  simultaneous  values,  t  =  0  and  v  =  v',  obtaining: 
_    1  2mV  -<-  c'  —  D 

SubslJtutiiii:  tlie  value  of  C'l  thus  found,  we  have: 

2mv '  -I-  c '  —  D        2mv  -|-  c     -^  D 


1    ,         /  2mv'  -4-  c'  —  U  ^,  2mv  -f-  c'   ■>-  u  \  ,^^^ 

t  =  g£j  loge  (  2m.+c+D  ^    2mv  +  C  -  D  J'  <"^> 


or 


2mv'  +c'  — D  ^  2mv  +  c    -|-D 
tiinv'  -f-  c'  +  J>    ^   "Jmv  +  c'  —  D 


30' 
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Let 


^T^  =  r'. 

C 

-D  =  a, 

c 

+  D  =  b, 

and 

2mv 

2mv 

+  a 

Substituting 

in 

(27),  Ave  have 

ke"' 

_  2mv-4-b 
2m  V  +  a 

and  solving- 

^'  =  -  2 

1        ake-^ '  — 
m   '     ke''  — 

b 

1 

ds 
~dt' 

Integrating 

again : 

S   : 

■2.^^^- 

2D, 

-  — loge  (1  - 

- 

ke-'jl+C^. 

(28) 


Putting  8  =  0  Avlien  t  =  0,  we  determine  the   constant  of  in- 
tegration, 

C,  =  -  J^joge(l-k). 
mr 


Simplifying, 


D   ,       ]-ke"      bt  ^„„. 

loge  —. j „—•  U9) 

1  —  k         2m 


mr 


The  total  water  pumped  into  the  air  chamber  will  be  propor- 
tional to  the  total  distance  S  traversed  by  a  cross-section  of  the 
water  column  in  being  brought  to  rest.  To  find  this  time  T, 
required  to  bring  water  column  to  rest,  put  v  ^^  0  in  equation 
(26),  obtaining  after  simplification: 

T=~'s'<'.e,\.  (30) 

Substituting  this  value  of  T  in  equation   i^29)  we  have: 

„  1    ,        2rav'  -fa  bl      ,  b  „, 

S  =    loge o r«  'oge  r-  •  '-^^t 

mg  a  2mgD  ka 

The  quantity  of  water  pumped  will  be  A  S  w  and  the  energy 
recovered  will  be  A  S  w  h.     The  kinetic  energy  from  which  this 
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was  derivod  is       v^    " .      The  efficiencv  durinsr  the  retardation 
period  is  therefore  the  quotient,  or 

Case  II: — (High  Heads),  when  4mh  >  c'- 

Assmning  equation  (25)  which  applies  to  both  cases,  we  have 

g     h  +  c  V  -t-  mv^ 

Integrating 

1  2  2mv  +  c 

t  =  --  ■      -  tan  1 '  +  C3. 

g        iAmh—c'"  iAxnh  —  c''' 

Calling  i^imh  —  c^    =  D'  and  determining  C3  by  the  condition 
that  V  =  v'  when  t  =  0,  we  get 

21    r,  2mv+c         .  2mv  +  c'-l  „„ 

Let 


21    -^^' 


and 

2inv'  4-  c' 


D 

Take  the  tangent  of  both  members  of  (33)  and  solve  for  v  with 
the  result  that 

D '  , '  a  —  tan  /3t  " ,        c '         ds 


V 


(3i) 


2m\l  +  <i  tan/it  /      2iii        dt 

Integrating  and  determining  C^  by  the  fact  that  s  =  0  when 
t^O  (hence  C4  =0)  we  obtain 

s  =  ^.  loge  (cos  /it  +  or  sin  fJt)  -  ^-  (35) 

To  determine  T,  or  the  time  required  to  bring  the  water  col- 
umn to  rest,  put  v  =  0  in  (33)  and  simplify,  obtaining: 

Te  =  ^an   .  ^.^:^\    .  (36) 


From  (35) 
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This  fonnula  may  be  expressed  thus : 

I  (D'  +c-'a)+2mv'(r  cTc 

S  =         loge  -  9^.  (38) 

rag  \[D    +  c\.r-  -r  4m-v  =^  -°^ 

although  nothing  is  gained  by  using  this  form  of  the  expression. 
The  efificieney,  as  for  Case  I,  is 

•2KSh 


E' 


IV^ 


Case  III: — (Neglecting  mv'-) 

An  approxinuite  formula,  applying  to  all  heads  and  giving 
results  which  dillt'er  for  the  economical  velocities  by  only  a  few 
per  cent,  from  those  obtained  by  equations  (31)  and  (37),  (for 
S),  may  be  obtained  by  neglecting  the  friction  and  other  v- 
losses.  thus  obtaining  from  equation   (25) 

dt  =  -  •  .  i-S^^— ,  (39) 

g     h  +  c  V 

and 


t  = 

=  — 

^    g 

loge  (h  +  c' 

Vi 

+  c. 

When  t  = 

0, 

V 

=  v, 

hence 

C5 

C 

-loge  (h  + 

h 

■) 

and 

c 

V'    := 

=  h'. 

Therefore 

Solving  (40)  for  V  and   letting  r=     ^ 
we  have: 


t=-Lloge-^-±^.  (40) 

c  g     °    h  -r  c  V 

eg 


h  +  h- 

-he" 

-  = 

ds 

c '  e' 

t 

dV 

Integrating 

(41) 

we  obtain: 

h  +  h' 
s  = , —  e- 

c   1- 

-It  

h 

t  ^  c. 

When  t  = 

-0, 
3 

0,  hence 

+  h 
c  r 

- 

(41) 
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and 

s  =  i^L  +  A:^i_e-)_4t.  (42) 

c  r  c  ^ 

Putting-  v=0  in  (40),  we  get  the  time  T  required  to  extinguish 
the  entire  velocity: 

1  ,       h  +  h 


Tc-^loge^^^^.  (43V 


Hence  from  (42),  when  t  =  T.  may  be  readily  derived: 

S.A^h^-hlog.^^).  ,44, 


Again 


E '  =  ^~  as  for  Cases  I  and  //.      (32) 


Case  IV: — The  fact  that,  in  the  experimental  ram  to  be 
described  later,  the  loss  of  head  due  to  the  check  valve  varies 
as  the  first  power  of  v  is  probably  due  to  the  unusual  construc- 
tion of  the  valve.  It  is  probable  that  it  will  more  commonly 
vary  as  v-,  and  we  shall  therefore  derive  equations  for  its  con- 
dition. These  equations  may  be  obtained  by  assuming  the  ori- 
ginal differential  equation  to  be  of  the  form 


where 


M  =  (l*  +  f\  +  m,  +m,  +  m')  J 


and  the  new  term   m'    represents  the  coefficient  of  loss  through 
the  check  valve.     The  result   desired  may,  however,  be  more 
easily  obtained  by  making  c'  =  0  and  m  =  ]\I  in  the  previous 
equations  for  Case  II,  thus  obtaining,  after  simplification: 
from  (34) 


V 


M 


-tan^'':^^t 


V  = _- -  \ »  (46) 

/M    ,    Mil  tan  S^^^t 


•The  coefficient,  1,  is  insortofl  Iiocausc  prncti<'nll.v  none  of  the  velocity  head  Is 
recovered  wlien  watiT  is  discliar;,'i.'il  lliron^ili  a  valve  iuld  tlic  air  chamber. 

F341 


HAKZA IXVESTIGATIOJNf    OF    THE    IIYDEAULIC    EAM  l7l 

from  (36) 


1 


tan-'  V'  T  /J^;  (47) 


from  (38) 


and  from  (20) 


;l/Mh  1/     h 


s=i4'°«'v'^'+T^  '"» 


•I    ,         /,  A  \»    ,    ...,  A 


V  ■  =       g  +  VliJ+'^li-^-N  .  (49, 

2M 

The  general  form  of  the  v-t  curve  during  the  second  period, 
after  the  initial  sudden  decrease  (Z  W)  in  v,  is  shown  in  Fig- 
ure 12  by  line  W  0'. 


Efficiency  of  the  Machine  or  Total  Efficiency 

The  efficiency  E  during"  the  acceleration  period  expresses  the 
proportion  of  the  original  potential  energy  of  the  waste  water 
which  is  concerted  into,  and  is  therefore  available  as,  kinetic 
energy  for  pumping  water  in  the  second  period.  The  difference 
between  this  and  the  original  energy  is  dissipated  by  friction 
in  the  drive  pipe  and  converted  into  the  useless  kinetic  energy 
of  the  water  as  it  flows  from  the  waste  valve. 

The  efficiency  E'  during  the  retardation  period  expresses 
the  proportion  of  the  useful  kinetic  energy'  acquired  by  the 
water  in  the  first  period  which  is  conserved  in  the  form  of  use- 
ful work  done  in  raising  water  to  the  height  h  in  the  second 
period. 

The  efficiency  of  the  machine  is  therefore  equal  to  the  pro- 
duct of  the  efficiencies  obtained  during  the  two  periods,  or 

Em  =  EE'  (49a) 

Opening  of  the  Waste  Valve 

Figure  11  shows  the  condition  existing  in  the  drive  pipe  dur- 
ing the  retardation  period.  The  w  aste  valve  is  closed ;  the  check 
valve  is  open  and  water  is  flowing  through  it  into  the  air  cham- 
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ber.  The  hydrostatic  pressure-head  in  the  Mater  below  the 
cheek  valve  is  equal  to  the  sum  of  pumping  head,  supply  head 
and  friction  head  through  the  clieck  valve.  The  hydraulic 
gi'adient  Avhen  the  velocity  is  v  is  shown  in  the  figure  by  line 
A'  D.  As  the  velocity  is  gradually  extinguished,  the  point  D 
falls  tOAvard  C,  and  at  the  instant  when  the  velocity  becomes  0 
the  gradient  is  shown  by  the  line  AC.  At  this  instant  the  water 
is  in  a  compressed  condition  and  the  pipe  is  distended  due  to 
the  excess  of  pressure,  varjdng  from  0  to  h.  above  the  supply 
pressure,  and  the  condition  is  the  same  as  during  the  compres- 
sion Avave  discussed  in  connection  with  water  hammer  (see 
Figure  9)  except  that  the  excess  of  pressure  above  the  supply 
pressure  is  not  equal  at  all  points  along  the  pipe.  This  condi- 
tion is  obviously  unstable  and  results  in  an  expansion  of  the 
water  together  with  a  contraction  of  the  pipe  to  normal  size 
and  a  consequent  slight  flow  of  water  back  into  the  supply  tank. 
Were  the  waste  valve  to  remain  shut,  we  should  thus  obtain 
alternate  compression  and  rarefaction  waves  until  the  wave 
energy  would  be  gradually  dissipated  by  friction.  The  first 
rarefaction  wave,  however,  opens  the  waste  valve  and  starts  a 
new  evcle  of  events. 


Closing  of  Waste  Val\^ 

The  waste  valve  closes  due  to  three  influences : 

(1)  The  hydrostatic  pressure  against  the  bottom  of  the  valve 
disk. 

(2)  Imi)a('t  of  the  water  against  the  valve  disk  in  discharging. 

(3)  Frictional  force  exerted  by  the  disclinr^inu'  water  upon 
the  valve. 

The  writ cf  Ix'lievcs  the  lii-st  cnuse  to  be  l)y  fai'  the  most  im- 
portant iit  leii.st  in  tlie  ease  of  tliis  ram.  Figure  10  shows  the 
■condition  at  the  instant  after  the  waste  valve  has  opened.  The 
hydraulic  gradient  has  instantly  fallen  to  the  po.sition  AR'.  the 


"Strictly  tliP  MVcniKc  liciul  only  U>v  llu-  lirst  fradion  ,.f  a  si'cuiicl  is  n-pn'scntpd 
by  tlio  frradieni  .\Il  as  tlio  siiild'ii  diMimv  in  iirossiiro  jit  1!.  tlm^  to  opcMUns.  fanses 
an  oscilliUiii;;  \\iU>t  Iihiiiiiiit  wavi"  in  ilu-  drive  i.li.i'  wliich.  liowcviT.  (iiilckly 
snltsidcs. 
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pressure  head  being  zero  at  the  waste  valve  and  increasing  uni- 
formh'  toward  the  supply  tank.  As  the  water  in  the  drive  pipe 
accelerates,  the  pressure  must  rise  at  B  in  order  to  discharge 
the  increasing  tlow  of  water  through  the  valve  opening  as  though 
an  orifice.  The  liydrostatic  pressure  thus  produced  on  the 
under  side  of  the  valve  is  only  partially  balanced  from  above,, 
and  the  result  is  an  ultimate  increase  of  pressure  until  the  valve- 
begins  to  close.  Once  started,  the  pressure  increases  more- 
rapidly,  due  to  the  resulting  water-hammer  pressure,  and  the 
tendency"  is  to  rapidly  accelerate  the  valve  until  it  is  stopped 
by  impact  against  its  seat.  An  autographic  record  of  a  waste 
valve  action  taken  from  the  "Rife  Hydraulic  Engine  No.  20'^ 
is  shown  below  in  Figure  13. 


\rVosfe  {I'a/vcc/oseci. 


Waste  ya/ye  open. 


./96s€c  -»■ 

Fig.  13. 


Effect  of  the  Assumptions 

Several  assumptions,  only  approximately  true,  were  made 
in  the  foregoing  analysis,  the  effects  of  which  will  now  be  con- 
sidered. 

In  assuming  that  the  waste  valve  closes  instantly,  thus  con- 
serving the  entire  kinetic  energy  resulting  from  the  maximum 
velocity  of  water  in  the  drive  pipe,  Ave  are  increasing  the  theore- 
tical efficiency  of  both  cA^cles  above  what  could  be  obtained  by 
experiment. 

Referring  again  to  Figure  12,  we  see  that  the  velocity  of  the 
water  accelerates  during  a  part  of  the  closure  of  the  valve.     It 

will  be  observ<Ml  that  s  -    j   vdt  and  that  this  expression  is  also 

equivalent  to  the  area  bounded  by  the  curve  OX,  the  t  axis  and 
any  ordinate  at  paint  t.  I'lie  firea  of  this  figure  is  therefore 
proportional  to  s,  whieli  is  again  proportional  to  the  water 
wasted. 

[37] 


174:  BULLETIN    OF    THE    UXIVEKSITY    OF    WISCONSIN" 

At  X  and  X'  the  Avaste  valve  begins  to  close,  and  the  rate 
of  acceleration  of  the  Avater  begins  to  decrease  more  rapidly 
until  the  maximum  velocity  V  is  reached  at  Y  and  Y'.  The  energy 
expended  in  generating  the  increment  of  velocity  from  X  to  Y  is 
proportional  to  the  area  of  the  figure  X'  Y'  Y''  X''.  Had  the  waste 
Talve  remained  completely  open,  this  increment  of  velocity 
would  have  been  obtained  by  wasting  an  amount  of  water  pro- 
portional to  the  area  X'  U'  U''  X".  It  is  evident  that  this  de- 
crease in  efficiency  during  the  acceleration  period,  due  to  waste 
valve  closure,  can  be  made  smaller  by  a  more  rapid  closing  of 
the  waste  valve  because  of  the  decrease  that  tliis  will  bring  about 
in  the  ratio  of  the  area  U'  Y'  Y''  U''  to  the  total  area  of  the  curve 

During  that  part  of  the  closure  from  Y  to  Z,  a  portion  of  the 
maximum  velocity  V  is  extinguished  with  some  waste  of  water 
and  without  pumpage  and  hence  reduces  v'  below  that  given 
in  the  formula,  thus  affecting  the  result  in  the  pumping  period 
also. 

In  computing  the  instantaneous  loss  (ZW,  Figure  12)  of  velo- 
city necessarv^  to  raise  the  pressure  up  to  the  initial  pumping 
pressure  h'  no  accoimt  was  taken  of  the  effect  of  this  sudden 
rise  in  producing  a  vibratory  pressure  wave  throughout  the 
length  of  drive  pipe,  thus  consuming  energy  and  doubtless  re- 
ducing the  efficiency.  This  can  not  readily  be  expressed  quanti- 
tatively from  a  theoretical  standpoint,  and  more  experiments 
are  needed  before  conclusions  can  be  dra^Mi  from  them. 

Another  assumption  which  was  made  in  the  foregoing  analysis 
and  whose  effect  on  the  relative  efficiencies  is  uncertain  is  that 
the  pumping  head  h  remains  constant  during  the  pumping,  or 
retardation,  period.  Now,  in  reality,  the  water  enters  the  air 
chamber  only  periodically.  The  air  is  compressed  and  the 
pressure  rises  during  this  pumping  period,  only  to  drop  again 
during  the  acceleration  period,  for  water  is  discharging  from  the 
air  chamber  but  none  is  entering  during  this  period.  The  writer 
has  not  been  able  to  integrate  the  general  equation  involving 
the  true  variable  h  which  is  a  function  of  the  amount  of  air 
in  the  air  chamber  and  of  the  rate  at  which  water  is  entering 
and  leaving.     He  is  therefore  not  prepared  to  state  quantita- 
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tively  the  effect  of  this  omission  in  the  theoretical  formulas.  It 
is,  however,  evident  that  if  the  head  h,  as  recorded  experiment- 
ally, were  the  initial  or  lowest  head  this  would  operate  to  de- 
crease the  experimentally  determined  efficiencies.  In  the  ex- 
periments to  be  described  later  the  head  recorded  was,  in  each 
case,  the  average  head  during  the  stroke  and  the  effect  of  this 
on  the  comparison  between  experimental  and  theoretical  data 
cannot  be  stated. 

Again,  the  slip  through  the  cheek  valve  at  the  conclusion  of 
the  retardation  or  pumping  period  has  been  neglected.  Assum- 
ing the  general  equation  (24)   of  retardation 

and  putting  v  =  0,  we  have 

-=-^  (50) 

dt  1  ' 

as  the  expression  for  the  rate  of  retardation  at  the  end  of  the 
pumping  period.  The  conditions  under  which  the  flow  into  the 
air  chamber  ceases  are  therefore  always  identical  for  equal 
values  of  h  and  will  doubtless  be  succeeded  by  equal  amounts 
of  slip.  The  correction  for  slip  will  need  to  be  determined  ex- 
perimentally, and  the  equation  for  efficiency  corrected  for  slip 
will  take  the  form  of 

where  s"  is  the  slip. 

The  effect  which  slip  has  upon  the  efficiency  is  evidently  pro- 
portionately greater  for  small  velocities  and  hence  tends  to  in- 
crease the  efficient  velocity  above  that  obtained  theoretically 
especially  for  low  pumping  heads. 
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EXPERIMENTAL  APPARATUS 

At  the  time  the  writer  imdertook  this  work  the  hydraulic 
laboratory  at  the  University  was  equipped  with  a  ''Rife  Hy- 
draulic Engine  No.  20,"  having  a  two-inch  drive  pipe  and 
facilities  for  varying  its  length,  as  well  as  the  supply  head  and 
pumping  head.  Since  there  are  a  number  of  other  conditions 
effecting  the  operation  of  a  ram  in  addition  to  those  named,  it 
was  decided  to  construct  a  ram  with  more  flexibility  of  adjust- 
ment and  control  than  could  be  obtained  in  any  commercial  ram 
on  the  market. 


Result  Desired 

In  the  design  of  apparatus  for  experimental  work  and  in  the 
design  of  the  ram  itself  means  were  sought  by  which  each  of  the 
following  conditions  could  be  varied  independently: 

1.  Supply  head, 

2.  Pimiping  head, 

3.  Length  of  drive  pipe. 

4.  Size  of  drive  pipe, 

5.  Time   during  which  the   waste  valve  remains   open  and 

hence  the  maximicm  velocity  acquired, 

6.  Rate  of  closing  the  waste  valve, 

7.  Law  according  to  which  the  waste  valve  closes, 

8.  Size  of  the  air  chamber, 

9.  Proporticm  of  the  volume  of  the  air  chamber  filled  with 

air  and  with  Avater, 

10.  Amount  of  opening  of  the  waste  valve  during  acceleration, 

11.  Type  of  waste  valve, 

12.  Type  and  size  of  check  valve. 
Continuous  ;iut(iL;T;i|»]ii('   records  wore  desired  of: 

1.  Velocity  of  How  in  the  drive  pipe, 

2.  Preftsiii-e  in  the  drive  pii)e. 
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3.  Motion  of  the  waste  valve, 

4.  Time. 

In  addition  to  a  study  of  the  ram  the  apparatus  was  to  be 
suitable  for  experiments  upon  water  hammer. 


The  Ram 

The  general  make-up  of  the  ram  is  shown  in  Plate  I.  F  is 
the  drive  pipe  leading  from  the  supply  tank  shown  in  Plate 
III.  T  i$  a  2"  run,  4"  outlet  cast  iron  tee.  The  waste  valve 
W,  thus  far  experimented  with,  and  its  enclosing  chamber  were 
borrowed  from  the  Rife  ram  No.  20  and  bolted,  as  shown,  to  the 
outlet  flange  A  of  the  tee.  G  is  a  gate  valve  by  which  the  air 
chamber  is  shut  off  when  water  hammer  experiments  are  to  be 
made  but  left  completely  open  when  the  machine  is  operated  as 
a  ram.  Its  stem  lis  placed  horizontally  to  prevent  the  accumu- 
lation of  air.  E  is  a  1"  x  4"  expanding  elbow  with  a  special 
16"  flange  H  at  the  M'  end.  B  is  a  blind  flange  drilled  and 
used  as  a  valve  seat  or  grid  for  the  check  valve.  The  air  cham- 
ber is  formed  of  two  sections  K  and  L,  of  10"  standard  wrought 
flanged  pipe  one  foot  and  two  feet  long,  respectively,  and  closed 
at  the  top  by  a  blind  flange  C.  Both  sections  of  the  air  chamber 
provided  with  saddle  flanges  D  for  the  connection  of  a  2"  dis- 
charge pipe,  the  intention  being  to  vary  the  height  of  the  air 
chamber  through  one,  two  and  three  feet.  The  check  valve  thus 
far  used  was  also  borrowed  from  the  Rife  ram  and  bolted  to  the 
upper  side  of  flange  B.  The  hole  through  the  flange  B  reduces 
by  means  of  a  curve  from  the  4"  diameter  of  the  elbow  to  the 
diameter  of  the  valve  opening. 

Both  cheek  valve  and  waste  valve  are  sho^^Ti  in  detail  in  Plate 
II.  A  is  the  outlet  flange  of  the  tee  T  shown  in  Plate  I.  B  is 
the  casting  wliich  formed  the  valve  seat  on  the  Rife  ram.  C 
is  a  soft  rubber  valve  disk  held  in  place  by  a  small  washer  above 
and  a  larger  one  and  a  cap  screw  below. 

The  check  valve  is  shown  at  the  left  of  Plate  II.  D  is  one  of 
eighteen  openings  for  the  flow  of  water  through  the  valve.  The 
valve  disk  E  is  of  soft  rubber  held  securely  against  its  seat  in 
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Plate/. 
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Platen. 
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the  middle  by  a  bolt  but  free  to  bend  upward  around  the  edge 
due  to  the  pressure  of  the  water  from  below.  The  amount  which 
the  valve  can  open  is  limited  by  the  curved  lower  surface  of  the 
easting  F.  The  valve  is  bolted  to  the  blind  flange  B,  (Plate  I), 
by  two  bolts  and  made  water-tight  by  the  gasket  G,  (Plate  II). 


jMethod  of  Varying  the  Conditions  of  Operation 

Plate  III  shows  the  general  arrangement  of  all  apparatus. 
The  method  by  which  the  various  conditions  outlined  at  the 
first  of  this  chapter  were,  or  are  to  be,  varied  Avill  now  be  de- 
scribed by  reference  to  this  plate. 

1.  Supply  Head: — -The  supply  tank  C  is  shown  at  the  right 
of  the  figure.  It  is  fed  from  the  water  main  through  a  lead 
pipe  Mliieh  allows  freedom  of  adjustment  to  any  position.  The 
inlet  pipe  is  closed  at  the  end  by  means  of  the  float  valve  D, 
which  automatically  maintains  the  water  at  a  nearly  constant 
level  in  the  supply  tank  C.  The  water  level  in  the  tank  is  read 
by  means  of  the  water-colunni  E  and  the  accompanying  scale 
w^hich  is  graduated  to  feet  and  tenths.  Water  enters  the  drive 
pipe  F  through  a  bell-mouth  G  which  is  provided  Avith  four 
guide  plates  to  j^revent  eddying.  The  tank  rests  upon  two  rods 
H  which  are  placed  in  slots  cut  in  four  strips  of  steel  plate, 
which  are  in  turn  bolted  to  four  vertical  wooden  posts.  The 
slots  in  the  steel  plates  are  spaced  6"  on  centere  thus  allowing 
the  elevation  of  the  tank  to  be  varied  by  6"  steps  if  desired. 
At  each  change  of  elevation  the  section  F^  of  drive  pipe  F  must 
be  removed  and  replaced  by  another  piece  of  the  required 
length. 

2.  Pumping  Head: — The  head  against  which  the  water  is  de- 
livered is  created  by  means  of  the  valve  I  sho\vn  toward  the  left 
of  Plate  III.  A  Bourbon  and  also  a  mercuiy  pressure  gage 
communicate  with  the  air  at  the  top  of  the  air  chamber.  Since 
the  supply  head  II  (Fig,  1)  is  measured  above  the  elevation  K 
fPlate  III)  of  the  waste  valve  the  total  discharge  head,  H  +  h, 
iiiiisf  he  lakcii  as  the  pressure  head  existing  in  the  water  in  the 
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■air  chamber  at  the  same  elevation.  This  quantity  might  have 
been  recorded  directly  by  connecting  the  pressure  gages  to  the 
air  chamber  at  that  elevation,  i.  e.,  0.15  feet  above  the  bottom 
■of  the  chamber.  They  were,  however,  connected  to  the  top  so  as 
to  be  filled  with  air  instead  of  water,  thus  avoiding  the  difficul- 
ties which  would  otherwise  have  been  encountered  in  keeping 
air  bubbles  out  of  the  gage  tubes. 
The  total  head  is  therefore, — 

H  +  h  =  gage  reading  -r-  height  of  water  in  air  chamber 
—0.15, 

the  height  of  water  being  read  by  means  of  the  water-glass  and 
graduated  stick  J. 

The  water  pumped  was  measured  either  in  tank  L  or  M  (de- 
pending upon  the  quantity  to  be  measured)  both  graduated 
to  read  in  pounds,  and  with  capacities  of  450  and  90  pounds 
respectively.  The  water  wasted  was  collected  as  it  discharged 
from  the  waste  valve  in  an  especially  designed  collector  tank 
from  which  it  was  conveyed  in  a  -4"  pipe  through  a  manhole  in 
the  floor  to  a  waste  tank  of  3,000  pound  capacity  in  the  basement. 

3.  Length  of  Drive-Pipe: — The  method  of  changing  the  length 
■of  drive  pipe  is  obvious.  It  required  moving  the  ram,  and  ac- 
•cessories  each  time. 

4.  The  size  of  drive  pipe: — This  has  not  yet  been  varied.  It 
will  require  new  pipe  and  fittings. 

5.  6  &  7,  Valve  Moiion: — For  the  control  of  the  waste-valve 
motion  a  special  machine  was  designed  and  built  and  run  by  a 
""Doble"  water  motor  taking  water  from  the  main.  Two  views 
•of  this  machine  are  shown  in  Plate  III  and  details  of  the  most 
essential  parts,  the  cams,  are  shown  in  Plate  IV. 

Referring  first  to  Plate  III  it  will  be  observed  that  the  rod  N 
(which  carries  the  waste  valve  at  its  lower  end  as  slio\m  in 
Plate  II)  passes  upward  through  the  top  of  a  waste  water  col- 
lecting tank  and  through  a  guide  in  the  frame  work  of  the  ma- 
chine to  a  joint  0.  Above  this  joint  a  cam  follower  or  roller  P 
which  rolls  at  inter'vals  upon  the  cam  .V  (see  also  Plate  IV)  is 
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attached.     This  cam  closes  the  valve.     A  compression  spring  V 
of  adjustable  strength  acting  doAMiward  upon  the  rod  keeps  the 
valve  open  until  closed  by  the  cam  A.     A  tension  spring  Q  holds 
the  roller  P  free  from  cam  A  until  one  of  the  secondary  cams 
B,  by  acting  upon  another  roller  attached  to  the  same  bar  with 
P,  forces  roller  P  into  position  on  its  cam  and  the  waste  valve 
closes.     The  plate  to  which  cams  B  are  bolted  rotates  at  a  speed 
one-twelfth  as  great  as  the  speed  of  cam  A  and  contains  holes 
so  arranged  that  1,  2,  3,  4  or  6  cams  can  be  used  at  a  time  and 
be  symmetrically  spaced  around  the  circumference  of  the  plate. 
The  bar  carrying  the  cam  roller  P  may  also  be  locked  into  place 
and  the  cam  plate  B  thro^vn  out  of  gear  by  means  of  lever  R 
thus  obtaining  the  same  result  as  would  be  accomplished  with 
twelve  B  cams.     Taking  the  number  of  B  cams  in  use  in  the 
order  given  above,  we  would  obtain  one  closure  of  the  waste 
valve  during  every  12,  6,  4,  3,  2  and  1  revolutions  respectively 
of  the  cam  A,  and  thus  be  able  to  vary  the  number  of  strokes 
per  minute  through  a  wide  range  while  maintaining  a  constant 
speed  of  the  machine  and  therefore  a  constant  rate  of  valve 
closure.     On  the  other  hand,  by  properly  selecting  the  speeds 
and  number  of  B  cams  we  may  vary  the  speed  of  rotation  and 
therefore  the  rate  of  valve  closure  without  affecting  the  number 
of  strokes  per  minute. 

The  law  of  valve  closure  is  determined  by  cam  A  of  which 
there  are  three  as  shown  in  Plate  IV.  The  diagram  at  the  bot- 
tom of  the  plate  shows  the  laws  of  closure  obtained  by  each. 
The  distance  C  is  the  time  of  closure.  All  three  cams  allow  the 
same  opening,  one-half  inch,  of  the  valve.  Cam  A2  was  de- 
signed to  produce  a  law  of  closure  as  nearly  as  possible  like  that 
obtained  in  the  automatic  Kife  ram  which  had  previously  been 
indicated  autographically.  Cam  Al  reverses  the  law  of  A2,  and 
A3  closes  the  valve  with  a  uniform  upward  motion. 

The  time  required  to  retard  the  water  and  therefore  the  time 
during  which  the  waste  valve  remains  closed  is  a  function  chiefly 
of  the  maximum  velocity  of  water  in  the  drive  pipe,  the  head 
pumped  against  and  the  length  of  the  drive  pipe.  Therefore 
no  attempt  was  made  to  open  the  valve  mechanically,  but  rather 
to  allow  it  to  open  authomatically  in  order  to  determine  the 
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Plate  IF 


Cam  A I 


Cam  A  2. 


CcmBana  Jection  ofHafe 


Loi^  of  Va//e  C/oiure 
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natural  period  of  time  required  to  retard  the  water.  The  A 
cams  were  therefore  designed  so  that  the  valve  could  open  auto- 
matically at  any  time  after  the  closure.  In  cam  A3,  Plate  IV, 
several  positions  of  the  cam  roller  are  shown  and  also  a  path 
of  its  center. 

The  number  of  valve  closures  was  registered  directly  by  the 
tachometer  T. 


Plate  V. 

8.  The  size  of  the  air  chamber: — This  is  varied  as  explained 
in  the  description  of  the  ram.  Only  the  two  foot  height  of 
chamber  has  been  used  tluis  far. 

9.  Amounl  of  air  in  Ihc  air  chamber: — To  make  possible  a 
rapid  adjastment  of  the  amount  of  air  in  the  air  chamber  a 
small  pipe  line  U  connects  the  air  chamber  of  the  ram  with  the 
large  air  tanks  in  the  University  pumping  station  which 
carry  a  pressuie  of  14()  |K)unds  per  square  inch.     An  escape 
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cock  S  is  provided  to  decrease  the  amount  of  air  when  desirable. 

Items  10.  11  and  12  have  not  been  investigated  experimentally. 

Plate  V  shows  an  assembly  view  of  the  ram  discharge  tanks, 

valve  control  machine   and  "Doble"  motor.     The  view   of  the 


Plate  VI. 

valve-control  machine  is  fi'oiii  the  opposite  side  from  that  shown 
in  Plate  III. 

Plate  VI  sliows  the  valve-control  machine  as  in  Plate  III,  to- 
gether, w!th  the  air  chamber  and,  in  the  lower  left-hand  part 
f)f  the  view,  is  i^hown  the  pressure  recorder. 
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Autographic  Recordinc,  Instruments 

From  the  theoretical  discussion  of  the  ram  it  is  eviih'iit  that 
for  a  comparison  of  the  experimental  results  with  the  theoretical, 
a  knowledg'e  of  the  maximum  velocity  V  of  water  in  tlie  drive 


Pl.ATK  VII. 

pipe  is  ahsolulely  es-cniial.  The  measurciiiciit  luiw  ('\-('i'.  of  this 
velocity  pi'oved  1o  he  Ihe  most  difficult  task  cricoiiulered.  With- 
out djscussinji'  the  relative  merits  ol'  the  vai'ious  methods  con- 
sidci'cd  and  cxpcriiiinitcd  wilh.  Ilic  adopted  iiiethod  w.'l  he  (h>- 
scrilied   hy   refei'enee  to  the  dia^ra iiiiiial  ieal   sketeji   in   the  upper 
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right-liand  corner  of  Plate  III  and  also  to  Plate  VII,  which 
shows  the  velocity  recording  instrument  at  the  right. 

The  guide  vanes  which  steady  the  flow  into  the  bell-mouth  G 
radiate  from  a  small  central  brass  tube  which  extends  from  the 
bottom  of  the  guide  vanes  within  the  drive  pipe  to  a  point  a 
few  inches  above  the  water  surface  in  the  supply  tank.  The 
flow  of  water  in  the  pipe  produces  a  do-s\Tiward  pressure  upon  a 
flat  circular  brass  disk  W.  This  pressure  is  conveyed  upward 
by  means  of  a  small  rod  passing  through  the  brass  tube  above 
mentioned  and  terminating  in  a  fine  copper  wire  fastened  to, 
and  passing  over,  the  arc  Y.  Plate  VII  shows  the  guide  vanes, 
disk  and  disk  rod  below  the  recording  instruments.  The  upper 
end  of  the  disk  rod  screws  into  the  sleeve  nut  shown  suspended 
from  the  are  by  a  fine  wire.  Another  fine  wire  passing  over 
the  same  arc  is  attached  to  a  spiral  spring  X.  A  second  arc, 
oppositely  situated  to  arc  Y  and  rigidly  connected  with  it  at 
knife  edge  Z  moves,  by  means  of  two  small  steel  ribbons,  a 
vertical  aluminum  bar  A'  to  which  is  attached  the  recording 
pencil.  Only  one  spring  X  was  used,  but  disks  of  %'',  ^'\ 
V,  ly^'  and  11/2 ''  diameters  were  used,  the  choice  of  disk  for 
any  particular  observation  depending  upon  the  velocity  to  be 
measured.  The  drum  upon  which  the  record  is  made  rotates 
by  clockwork  but  is  normally  at  rest  due  to  the  action  of  a  fric- 
tion brake  which  can  be  released  magnetically,  or  by  the  hand 
operation  of  a  small  lever.  A  second  pencil  attached  to  the 
armature  of  a  small  electro-magnet  makes  a  continuous  line  on 
the  record  with  a  notch  for  each  second  of  time. 

The  frictional  resistance  offered  by  the  small  steel  rollers 
which  guide  the  aluminum  bar  and  by  the  are  and  knife  edge 
arrangement  is  entirely  negligible.  The  difficulty  with  the  in- 
strument is  due  to  the  fr-iction  of  the  disk  rod  in  the  tube  and 
to  pencil  friction.  ^Metallic  surfaced  record  paper  and  indeli- 
ble pencil  were  used  in  order  to  reduce  the  effect  of  the  latter 
as  much  as  possible. 

The  instrument  was  calibrated  with  each  disk  separately. 
The  pencil  was  adjusted  so  that  it  just  failed  to  touch  the  paper, 
and  water  was  allowed  to  flow  through  the  drive  pipe  at  a  uni- 
form rate,  which  was  determined  by  measuring,  in  the  discharge 
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tank,  the  water  discharged  by  the  pipe  in  the  given  time.  The 
supply  tank  was  lightly  tapped  meanwhile  to  eliminate  the 
-frietional  resistance  of  the  disk  rod  in  the  tube.  The  calibra- 
tion cur\^es  are  sho^-n  in  Diagram  II  with  an  exaggerated  ver- 
tical scale  to  show  better  the  form  of  the  curves.  The  scale  at 
the  light  shows  the  loss  of  head  in  the  pipe  due  to  the  disk  as 


~3  ^  5"  5  ^ 

DiAciiAsi  II. — Calihuatiox  Curvks  of  the  Velocity  Recording 

IXSTRUMEXT. 

determined  l)y  assuming  it  equal  to  the  lieight  of  a  eohunn  of 
water  whose  cross  section  ('([uals  lliat  of  the  drivi-  pipe  and 
Avliose  weight  is  equal  to  the  ])rossure  on  the  disk. 

The  pressure  is  recorded,  as  shown  to  the  left  of  the  air  chamber, 
(Plate  III)  upon  a  revolving  drum  by  means  of  an  ordinary 
steam  indicator.  The  indicator  corcl  B'  leads  from  the  joint 
in  the  valve  rod  over  two  pulleys  to  the  instrument  and  is  op- 
posed bv  a  spring  (not  shown)  thus  givinc  a  continuous  record 
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of  the  valve  motiou.  This  instrument  is  also  equipped  with  an 
electro-mag-netie  time  recorder  in  series  Avith  the  one  on  the 
velocity  instrument. 

Both  instruments  were  reconstructed  from  bridge  extensome- 
ters  of  German  manufacture  which  had  been  discarded  for  that 
purpose  and  were  already  equipped  with  the  drums,  clock  work, 
time  recording  magnet  and  magnet  for  release  of  the  friction 
brake  (not  sIioaati  in  the  figure). 

In  order  to  obtain  simultaneous  records  from  both  instru- 
ments, the  starting  magnets  were  put  in  series  witli  each 
other,  with  a  switch  S"  and  with  a  battery.  The  time  circuit 
has  its  origin  in  a  clock  contained  in  the  physical  laboratory 
cf  the  University  which  breaks  an  electrical  contact  each  second, 
thus  actuating  the  relay  R".  The  secondary  of  the  relay  is  in 
series  with  the  Ijattery,  the  switch  T"  and  the  recording  mag- 
r;ets  on  the  two  instruments.  A  telegraph  key  K",  for  number- 
ing records,  is  connected  in  parallel  with  the  relay  and  the 
switch  T". 

Diagram  III,  page  190,  shows  typical  cards  from  both  the 
velocity  and  pressure  records,  reduced  about  one-half.  The 
paper  moved  to  the  right  in  both  and  the  arrows  show  the  order 
in  which  events  occurred. 

In  all  curves  the  points  marked  0  represent  the  instant  at 
which  the  waste  valve  opened.  Points  marked  C  represent  the 
time  at  which  the  waste  valve  completed  its  closure.  The  run 
during  -which  each  record  was  taken  is  given  below  the  record. 

In  the  cards  from  the  velocity  recorder,  it  will  be  noticed  that 
the  curves  fall  suddenly  below  the  line  of  zero  velocity  at  the 
instant  of  closure.  This  is  due  to  the  inertia  of  the  moving 
parts  of  the  instrument  and  prevented  measuring  the  velocity 
in  the  pipe  durinu'  this  retardation  period. 

In  the  cards  from  the  pressure  recorder,  the  points  marked 
B  indi('at(»  where  the  waste  valve  begins  to  close.  The  pressure 
in  the  drive  pipe  rises  only  slightly  until  the  waste  valve  com- 
pletes its  closure. 

The  lower  figure  represents  a  theoretical  curve  of  drive  pipe 
pressure  for  conditions  enumerated  below  the  figure  and  shows 
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Diagram   III.— Sample  Autographic  Records. 
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the  same  general  form  although  the  conditions  are  not  the  same 
as  in  the  autographic  records. 

The  curve  of  waste  valve  motion  shows  that  the  valve  did 
not  close  at  a  uniform  rate  during  the  entire  motion  as  was  in- 
tended. When  nearly  closed,  the  water-hammer  pressure  be- 
came sufficient  to  overcome  the  spring  V  (Plate  III)  and  raise 
the  valve  suddenly  by  taking  up  the  play  in  the  valve  rod,  in  the 
<3am  roller  on  its  journal  and  in  the  cam  groove.  It  was  found 
impossible  to  eliminate  this  play. 
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EXPERBfENTAL  VERIFICATION  OF  THEORY 

Observing 

The  scheme  for  observiug  shown  iu  Table  VI,  was  adopted. 
The  water  motor  was  first  regulated  to  a  speed  Avhich  would 
give  any  desired  number  of  revolutions  per  minute  of  earn  A 
as  shoAATi  in  the  left  column.  This  speed  determined  the  time 
t  required  for  valve  closure,  and  together  with  the  nmuber  of 
B  cams,  shown  at  the  top  of  the  columns,  determined  the  num- 
ber of  valve  closures  or  strokes  per  minute,  n.  AVith  this  speed 
kept  as  nearly  constant  as  practicable,  runs  were  then  made 
vnth  total  heads,  h  +  II.  of  10,  20,  30,  50  and  70  feet.  Thus 
■with  each  (with  a  few  exceptions)  of  the  36  possible  combina- 
tions of  speeds  and  cams  shown  in  Table  I,  five  runs  were  taken 
making  in  all  180  runs.  Some  of  the  low  speeds  with  few  cams 
were  omitted  and  not  many  runs  were  taken  with  the  288  R. 
P.  M.,  as  this  speed  proved  destructive  to  the  cam  rollers.  One 
more  or  less  complete  set  of  runs,  as  shown  by  the  table,  were 
taken  for  each  of  the  two  lengths  of  drive  pipe  which  were  ex- 
perimented with  and  for  each  supply  head  used. 
The  average  conditions  "were: 

Talile  I  85.35  ft.  drive  pipe,  8.17  supply  head 
Table  II  51.5  ft.  drive  pipe.  8.16  supply  head 
Table  III  51.5  ft.  drive  pipe,  6.17  supply  head 
Table  IV  51.5  ft.  drive  pipe.  4.2  supply  head 
Table     V  51.5     ft.   drive  pipe,   2.19  sn])i)ly  head 

Lack  of  time  prevented  Hie  use  of  any  shorter  lengths  of 
drive  pipe  and  of  more  lliaii  tlie  one  closing  ram  A3.  The 
five  tables  mentioned  aV)ove  contain  all  the  obsei-ved  and  com- 
puted data.  The  runs  were  numbered  in  the  order  taken  be- 
ginning Avith  one  fo?-  eacli  s<4  of  conditions  but  are  grouped 
in  till'  t;il)l('s  will]  pniiipinL;-  lirads.  wliicli  wcm'c  iiitendtHl  to  be 
ecpial,  placi'd  logclhcr. 
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TABLE   N2  Vr 

n=  STROKES  PER   MIN       t=TIME  OF  VALVE  CLOSURE 

NUMBER    OF    B     CAMS 
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.206 

46 
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JfJ 

313 

313 

.3/3 

313 

.3/3 

24 
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4 

6 

6 

12 

24 
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.62S 

.62S 

.62S 

.623 

.62.3 

.623 

The  term  ''strokes,"  column  4,  refers  to  the  total  number  of 
strokes  or  waste  valve  closures  during  the  run. 

The  values  given  in  columns  9,  10  and  11  are  in  each  case 
the  average  of  the  values  scaled  from  about  ten  autographic 
records  taken  during  the  run.     See  Diagram  III. 

The  term  "valve  closure,"  column  12,  indicates  the  time  oc- 
cupied by  the  waste  valve  in  moving  the  one-half  inch  required 
to  close  it. 

Columns  7  and  8  give  the  amount  of  water  wasted  and 
pumped,  respectively,  during  the  entire  run,  while  these 
quantities  are  reduced  to  gallons  per  minute  in  columns  16  and 
17. 

Column  13  was  computed  by  equation  (53) ;  E,  column  15, 
was  computed  by  Rankine's  formula,  p.  147;  while  the  efficiency 
during  the  retardation  period,  or  E',  is  the  quotient  of  the  former 
by  the  latter   (See  equation   [49a]). 
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Comparison  op  Theory  and  Experiment 

In  order  to  apply  the  theoretical  formulas  in  a  problem  of 
design,  it  would  be  necessary  to  estimate  the  quantities  f,  ra-„ 
ma,  c  and  c'.  Where  these  coefficients  are  to  be  experimentally 
determined,  however,  it  does  not  matter  whether  the  several 
tentns  which  constitute  the  quantity  m  are  separately  determined 
or  not  since  m  always  enters    (except  in  equation  16)    in  its 


0  1  Z  ^  4  S  h  7 

DiAGRAii  IV.— Snowi>-G  Frictiox  Loss  in  the  Dbhe  pipe  With  Steady 

Flow. 


complete  form  as  given  by  equation  (8a). 
therefore  assumed  to  be  of  the  form 


The  quantity  m  was 


-  + 


A3 

3a8 


1 

2g 


where  f  varies  with  the  length  of  pipe,  1,  and  f  remains  con- 
stant. Diagram  IV  shows  the  values  obtained  for  the  friction 
coefficient  f,  as  we  may  call  it,  for  each  of  the  two  lengths 
of  drive  pipe.  They  were  determined  by  measuring  the  dis- 
charge in  a  given  time  through  the  pipe  and  recording  at  the 
same  time  the  readings   of  water  colmims   C   and  E    (Plate 
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III.)     It  was  necessaiy  to  iiicasni'o  c  only  when  the  waste  valve 
Avas  completely  open. 

The  values  adopted  for  use  in  the  theoretical  formulas  are: 
f   (for  the  85.35  ft.  drive  pipe)   =  0.03 
f   (for  the  51.5     ft.  drive  pipe)   =  0.034 
c    =  0.54 
These  values  give : 
m  (for  the  85.35  ft.  drive  pipe)  =  0.264 
m  (for  the  51.5    ft.  drive  pipe)  =  0.191 

To  determine  the  loss  through  the  check  valve,  and  hence 
c',  a  dilferential  mercury  gage  was  used  with  one  end  connected 
to  the  elbow  immediately  below  the  check  valve  and  the  other 
end  to  the  air  chamber.  The  curve  obtained  in  this  way,  (see 
Diagram  V).  shows  that  the  loss  of  head  varies  as  first  power 
of  the  rate  of  flow  through  the  valve  and  is  equal  to  1.76  feet 
per  pound  of  water  flowing-  through  the  valve  in  one  second. 
For  use  in  the  formulas,  this  must  be  reduced  to  the  loss  per 
foot  of  velocity  in  the  drive  pipe  which  for  a  2.05  inch  pipe 
becomes  equal  to  2.52  feet. 

A  is  obtained  from  equation  (4),  for  the  drive  pipe  in  use,  by 
substituting:  w  =  62.5,  g  =  32.15,  K  =  300,000,  d  =  2.05, 
e'  =  0.151,  and  E  --=  24,000.000.     This  gives:     A  =  4380  feet 

per  second,  and    -  =  136.3. 
g 

1.  Acceleration  Period: — The  curves  shown  in  Diagrams 
VI  to  X,  inclusive,  were  computed  from  equation  (11)  for  the 
average  conditions  obtained  in  the  experiments..  The  dashed 
lines  tangent  to  the  curves  at  the  origin  represent  the  equation 

v=?^t  (52) 

which  would  represent  the  velocity  at  any  time  w'ere  it  not  for 
the  resistance  of  the  pipe  and  the  waste  valve. 

The  horizontal  dashed  lines  represent  the  maximum  carrying 

eapacitv  of  the  pipe  under  the  several  heads,  or    -,  /    "  and  are 

1/     m 

asymptotes  to  the  curves. 

The  experimental  data  which  are  plotted  upon  the  same  dia- 
grams are  to  be  found  in  Tables  I  to  V  respectively.     A  general 
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DiAGEAM  VI. — Velocity  Cvrve  foe  Deive  PirE. 
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Diagram  VII. — Velocity  Cueve  fob  Deive  Pipe. 
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agreement  is  evident,  although  the  experimental  points  seem  tO' 
fall  commonly  below  the  theoretical  curve.  This  is  due  without 
doubt  to  the  fact  that  the  recording  pencil  is  always  moving 
upward  during  this  period,  and  the  frictional  resistances  of  the 
pencil,  disk  rod,  and  all  other  parts  of  the  instrument  combine 
to  produce  a  reading  below  the  true  value. 

The  position  of    all    asymptotes    or    -|  /  ?  were    accurately 

1/     m 

checked  by  allowing  the  water  to  flow  continuously  into  the  dis- 
charge tank  for  some  time  and  then  computing  the  limiting 
velocity  from  the  cross-sectional  area  of  the  pipe,  the  discharge 
and  the  time.  Notwitlistanding  this  fact  the  points  near  the 
limiting  velocity  in  Diagram  VII  are  all  below  the  true  value, 
as  experimentally  proven,  even  though  acceleration  is  known 
to  have  practically  ceased;  which  fact  shows  conclusively  that 
the  disagreement  is  due  to  systematic  errors  in  the  instrument. 

The  fact  that  some  points,  for  low  velocities,  fall  above  the 
curve  results  from  using,  for  abscissas,  the  time  during  which 
the  waste  valve  remains  completely  open,  whereas  Diagram  I 
shows  that  the  water  continues  to  accelerate  (although  at  a 
slower  rate)  for  these  low  velocities  until  the  waste  valve  is 
nearly  closed.  A  further  scattering  of  the  points  no  doubt  re- 
sults from  plotting  on  the  same  curve  the  results  obtained  from 
all  rates  of  valve  closure,  although  this  cause  is  of  minor  im- 
portance except  for  low  velocities. 

The  cui-ves  sho^\Ti  in  Diagr-ams  XI  to  XV  inclusive  were  com- 
puted by  the  successive  application  of  formulas  (11),  (13)  and 
(14)  for  the  average  conditions  existing  during  each  set  of 
runs.  The  experimental  points  plotted  on  the  same  diagrams 
were  computed  by  the  formula, 

WV^      QH 

2g  N 

where  W  =  amount  of  water  required  to  fill  the  drive  pipe ; 
Q  =  total  waste  water  during  the  run ; 
N  =  total  strokes  recorded  by  the  tachometer  during  the  run ; 
V      was  measured  autographically. 
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Diagram  XII. — Efficiency  Cl'rve — Acceleration  Period. 
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The  experimental  points  in  these  cur\'es  do  not  show  as  close 
an  agreement  with  the  theoretical  as  in  the  other  curves,  due 
chiefly  to  the  fact  that  V  enters  in  equation  (53)  in  the  second 
degree,  practically  doubling  the  per  cent,  of  error  as  may  be 
readily  shown  algebraically.  The  efficiency  is  further  decreased 
by  the  waste  of  water  without  proportionate  increase  in  velocity 
during  closure  of  the  waste  valve,  although  this  effect  is  believed 
to  be  comparatively  small. 

2.  Retardation  Period: — A  theoretical  curve  showing  the  effect 
of  the  maximum  velocity  V  upon  the  efficiency  during  the  pump- 
ing period  can  be  obtained  by  assuming  values  of  V  and  then 
applying  equations  (23),  (44)  and  (32)  successively  for  the 
particular  value  of  h,  or  pumping  head,  under  consideration. 
Diagrams  XVIII,  XX  to  XXV,  inclusive,  and  the  upper  full- 
line  curves  in  Diagrams'  XVI,  XVII  and  XIX  were  computed 
in  this  way  for  the  conditions  given  upon  the  respective  diagrams 
■wliich  were  average  conditions  existing  during  the  experiments. 
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The  lower  cun'-es  in  Diagrams  XVI,  XVII  and  XIX  were 
obtained  by  the  more  exact  formulas  of  cases  I  and  II,  pages  166 
to  1G8,  which  take  into  account  the  retarding  influences  of  the 
friction  in  the  drive  pipe.  These  fonnulas  give  lower  efficien- 
cies than  the  others,  although  the  maximum  efficiencies  occur 
for  practically  the  same  velocities,  and  the  curves  do  not  differ 
much  at  the  maximum  points. 

Since  the  values  of  efficiency,  as  shown  by  the  experimental 
data  plotted  in  these  same  curves,  were  obtained  by  the  formula 

E'  =  =^5?  (see  equation  [49a]) 

they  are  affected  1)y  a  sj'stematic  er-ror  (due  to  the  velocity  rec- 
ording instrument)  of  the  same  size  but  opposite  in  sign  to  the 
errors  which  affect  the  efficiencies  during  the  acceleration  period, 
as  shown  in  Diagrams  XI  to  XV,  inclusive.  They  are  further 
subject  to  the  accidental  errors  arising  from  observing  Q,  q, 
n,  H,  h,  as  well  as  V.  The  largest  of  such  errors  is  probably 
that  of  h,  as  it  was  foimd  to  be  quite  impossible  to  maintain  a 
constant  head  by  means  of  the  regulating  valve.  Furthermore, 
the  value  of  the  pumping  heads  as  given  on  each  diagram  is  the 
average  pumping  head  for  the  points'  plotted  and  the  values 
averaged  commonly  vary  about  two  feet  above  and  below  the 
mean  as  may  be  seen  by  a  study  of  the  original  data  in  Tables 
I  and  II.  Another  cause  for  lack  of  agreement  between  points 
is  that  data  for  all  rates  of  valve  closure  are  plotted  on  one 
curve. 

Due  to  the  systematic  error  in  measuring  V,  w^e  know  that 
the  plotted  values  of  the  efficiency  during  retardation  are  high. 
They  do  not,  however,  appear  unifoniily  high  in  the  curves. 
The  two  sets  of  efficiency  curves  are  hence  misleading  in  that 
they  show  the  deficiency  of  experimental  values  to  be  due 
chiefly  to  causes  operative  in  the  acceleration  period  while  in 
reality  they  are  due  very  largely  to  losses  in  the  retardation 
period,  which  were  discussed  in  the  theoretical  analysis  but 
could  not  be  quantitatively  expressed  in  the  formulas.  (See 
pages  173  to  175.) 

3.  Ejjicicnc]!  of  the  Machine: — The  thoorotical  values  are  ob- 
tained  by   miilli|)l\iii-j   together  the  efficiencies,   sliown   in   the 
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preceding  diagrams,  during  the  two  periods  which  compose  the 
complete  cycle.  They  are  plotted  in  Diagrams  XXYI  to  XXXV^ 
inclusive,  together  with  the  experimental  points. 

The  experimental  values  of  this  total  efficiency  are  subject  to 
much  smaller  errors  than  those  of  the  two  component  periods 
since  the  errors  of  the  velocity  recorder  do  not  enter.  Since, 
however,  values  of  V  are  used  as  abscissas  in  plotting  the  curves, 
the  points  are  uniformly  to  the  left  of  the  position  they  would 
have  taken,  had  the  velocity  been  a<icurately  recorded. 

An  important  cause  for  the  lack  of  agreement  between  points 
is  that  the  curves  are  plotted  for  the  average  pumping  heads. 
The  true  pumping  head  is  shown  on  the  curve  opposite  each 
point  wiiich  differs  greatly  from  the  mean. 

Another  cause  may  be  found  in  the  fact  that  the  plotted 
points  include  the  readings  taken  with  all  rates  of  waste  valve 
closure. 

The  general  failure  of  experimental  efficiencies  to  equal  the 
theoretical  is  to  be  ascribed  to  losses  not  considered  in  the  form- 
ulas and  which  occur  chiefly  during  the  retardation  period. 
The  general  effect  of  these  losses  is  discussed  on  pages  173  to 
175. 

It  is  to  be  regretted  that  lower  velocities  could  not  be  obtained 
since  the  experimental  points  for  low  velocities  are  not  sufficient 
to  determine  the  economical  velocity.  The  lack  of  the  required 
data  is  due  to  the  weight  of  the  waste  valve  and  valve  rod  which 
prevented  rapid  opening  and  e^osing. 

In  those  diagrams  which  c^^tain  a  double  curve,  the  lower 
one  results  from  using  tin  more  accurate  formulas  of  Cases  I 
and  II,  pages  166  to  168,  in  computing  the  efficiency  during  the 
retardation  period.  They  differ  but  little  from  the  more  approx- 
imate curves  immediately  above  them  and  serve  no  better  for 
determining  the  economical  velocity,  for  any  given  conditions. 
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EFFECTS  OF  CHANGING  THE  CONDITIONS  OF 
OPERATION 

1.  Supply  Head: — The  effect  of  the  supply  head  upon  the 
operation  of  a  ram  is  confined  entirely  to  the  acceleration  period. 
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Head. 


Diagram  XXXVI  was  computed  by  assuming  values  of  v 
and  H  and  then  applying  successively  formulas  (10),  (13),  and 
(14).  It  shows  that  any  required  velocity  V  can  be  more  effi- 
ciently obtained  the  higher  the  supply  head.  "We  may  therefore 
conclude  that: 

Other  things  remaining  constant  the  efficiency  during  accelera- 
tion, and  therefore  of  the  ram  itself,  is  increased  by  increasing 
the  supply  head. 
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2.  Pumping  Head: — The  effect  of  tlie  pumping  head  is  con- 
fined to  the  retardation  or  pmiiping  period. 

Diagram  XXXVII  is  an  assembly  of  all  the  curves  of  effi- 
ciency during  the  retardation  period  for  a  51.5'  drive  pipe. 
These  curves  show  that  the  same  maximum  efficiency  during  re- 
tardation can  be  obtained  with  any  given  pumping  head,  but 
that  the  velocity  V  required  to  obtain  this  maximum  efficiency 
increases  with  the  pumping  head.     The  efficiency  with  which 


DiAGEAM  XXXVII.- 


-ASSEMBLY   OF   THE   ReTAEDATIOX   EFFICIENCY   CUBVES 
FOR  THE   51.5   FT.   DRPVE  PipE. 


this  required  velocity  can  be  produced  in  the  drive  pipe  will, 
however,  decrease  and  hence  the  combined  efficiency  will  de- 
crease with  an  increase  in  pumping  head.  This  result  is  also 
evident  from  a  comparison  of  the  maximum  points  in  Diagrams 
XXVI  to  XXXV,  inclusive. 

If,  however,  all  conditions  including  the  velocity  V  remain 
con.stant  there  is  one  pumping  head  for  which  the  efficiency  will 
be  maximum,  as  sho^va  by  Diagram  XXXVIII. 

3.  Length  of  Drive  Pipe: — The  efficiency  with  Avhich  a  given 
velocity  can  be  produced  decreases  as  the  length  of  drive  pipe 
increases   other   things   remaining  constant.        This   is   evident 
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from  a  study  of  the  formulas  and  by  comparing  Diagrams  XI 
and  XII.  It  is  further  shown  by  Diagram  XXXIX,  which  also 
shows  that  the  time  necessary  to  develop  a  given  velocity  in  the 
drive  pipe  increases  with  the  length. 

The  efficiency  during  retardation  according  to  the  fornuilas 
is  independent  of  the  length  I.  However,  both  the  slip  and  the 
loss  in  velocity  during  closure  of  the  waste  valve,  which  do  not 
enter  in  the  formulas,  constitute  a  greater  percentage  of  the 
total  pumpage  when  the  amount  of  water  pumped   during   a 
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DiAGRAjr  XL. — Showing  the  Effect  of  Di.\meter  of  Drhe  Pipe  Upox 
THE  Efficiency  During  Accet.eration. 

stroke  is  small  as  with  a  short  drive  pipe.  It  is  therefore  safe 
to  say  that  a  decrease  in  efficiency  during  retardation  results 
from  shortening  the  drive  ])ii)e.  Its  iiiipoi-tance,  although  small, 
is  not  determined. 

The  combined  effect  of  lengthening  the  drive  pipe  is  thus  to 
decrease  the  efficiency  except,  perhaps,  for  short  drive  pipes 
and  low  velocities  where  the  slip  and  loss  due  to  closure  become 
relatively  more  important. 


A.  Size  of  Drive  Pipe: — Diiigniiii  Xjj  shows,  for  a  particular 
case,  tlie  effect  of  the  diameter  of  the  drive  pipe  upon  the  effi- 
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ciency  with  A\liich  a  given  velocity  may  be  acquired  and  the 
time  required  to  produce  this  velocity.  The  conclusion  that  the 
efficiencj^  increases  with  the  diameter  is  obvious. 

In  the  second  or  retardation  period  the  problem  of  size  of 
drive  pipe  is  not  very  important,  the  efficiency  being  determined 
chiefly  by  the  check  valve.  This  is  seen  by  a  study  of  Diagrams 
XVI,  XVII  and  XIX  where  the  upper  or  dashed  line  is  the 
efficiency  which  would  be  possible  were  there  no  loss  in  either 
the  cheek  valve  or  the  drive  pipe  during  this  period;  the  upper 
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full  line  is  obtained  by  the  approximate  formula  which  takas 
account  of  the  loss  through  the  check  valve  only;  the  lower  full 
line  takes  account  of  the  losses  in  both  the  drive  pipe  and  the 
check  valve. 

Diagram  XLI  Avas  com])u1('(l  by  means  of  the  approximate 
formula  and  sliows  the  result  which  Avould  be  obtained  under 
the  same  conditions  as  shown  in  tbo  upper  full  line  of  Diagram 
XVII  except  with  a  throe-indi  di'ive  pipe.  The  efficiency  is 
smaller  for  Jill  velocities  (\\\^\  however,  to  the  check  valve.  Were 
the  check  valve  area  increased  to  give  the  same  los.s'per  unit  veloc- 
ity in  the  drive  pipe,  the  curve  would  coincide  with  the  upper  fall 
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line  in  Diagram  XVII,  while  the  loss  in  the  drive  pipe  would 
be  decreased  thus  raising  the  lower  full  line  in  Diagram  XVII. 
This  would  increase  somewhat  the  efficiency  during  this  period 
and  thus  add  to  the  beneficial  effect  obtained  during  accelera- 
tion. 

5.  Strokes  per  Minute: — Other  things  remaining  constant  the 
maximum  velocity  V  in  the  drive  pipe  will  decrease  as  the  num- 
ber of  strokes  per  minute  increases. 

Diagrams  XI  to  XV  show  that  the  efficiency  during  the 
acceleration  period  is  100  per  cent,  for  a  zero  velocity  and  ap- 
proaches zero  as  the  velocity  approaches  its  limiting  value. 

During  the  pumping  or  retardation  period,  however,  there 
is  an  efficient  velocity  as  shown  in  Diagram  XVI  to  XXV. 

The  efficient  velocity  for  the  entire  cycle  or  for  the  machine 
will  be  found  at  that  point  on  the  two  curves  where  the  slopes 
are  opposite,  i.  e.,  for  that  velocity  at  which  the  efficiency  during 
acceleration  is  decreasing,  per  unit  increase  in  velocity,  at  the 
same  rate  at  which  the  efficiency  during  retardation  is  increas- 
ing. This  will  always  occur  to  the  left  of  the  maximum  point 
in  Diagrams  XVI  to  XXV. 

Diagrams  XXVI  to  XXXV  show  the  combined  efficiency  of 
both  periods.  There  is  a  minimum  velocity  below  which  no  water 
"would  be  pumped.     This  critical  value  is :  v  =  hg/A.     There  is 

also  a  maximum  vcloeitv   -v  /  ~    which  can  be  obtained  under 

V      m 

given  conditions  and  this  also  with  a  zero  efficiency. 

Diagram  XLII  shows,  for  one  set  of  given  conditions,  the 
€ffect  of  the  number  of  strokes  per  minute  upon :  the  maximum 
velocity  V  in  the  drive  pipe;  total  gallons  per  minute  (Q  +  q) 
used  by  the  machine;  gallons  per  minute  pumped  q;  and  ef- 
ficiency of  the  machine  E.  The  velocity  V  was  first  assumed. 
The  time  required  to  generate  this  velocity  was  taken  from  Dia- 
gram VI.  The  time  T,  during  which  the  waste  valve  remains 
closed,  was  computed  from  equations  (22)  and  (36),  The  num- 
ber of  strokes  per  minute  was  then  assumed  to  be 

°  -  To  +  To  +  0.3  ^-"^^ 

where  the  0.3  seconds  represents  an  estimated  average  value  for 
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Diagram    XLII. — Characteristic    Operating    Curves    of   the    Experi- 
mental Ram  Under  the  Conditions  Assumed  Above. 
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the  time  occupied  by  the  waste  valve  in  opening  and  closing. 
The  method  of  obtaining  Q,  q  and  E^  from  the  formulas  and 
previous  curves  is  evident.  Experimental  points  are  shown  for 
efficiency  only. 

These  curves  in  Diagram  XLII  may  be  called  the  character- 
istic operating  curves  of  this  ram  under  the  given  conditions. 
It  will  be  observed  that  the  maximum  efficiency  is  obtained  for 
this  case  with  about  70  strokes  per  minute ;  the  maximum  dis- 
charge at  about  20  strokes  per  minute  with  only  about  40  per 
cent,  efficiency. 

6.  Rate  of  Waste  Valve  Closure: — Attempts  were  made  to  de- 
termine by  means  of  the  experimental  data  the  effect  of  rate  of 
closure.  It  was.  however,  in  the  experimental  work,  impossible 
to  keep  all  other  conditions  constant.  In  addition  the  intended 
action  of  the  closing  cam  A  (Plate  IV)  was  not  fully  realized. 
The  increase  in  water  pressure  during  closure  became  sufficient, 
before  the  valve  had  reached  its  seat,  to  overcome  the  action  of 
the  spring  V  (Plate  III)  and,  by  taking  up  the  play  in  the  joint 
O  and  the  cam  roller  P  on  its  journal  as  well  as  in  the  cam 
groove,  to  cause  a  sudden  upward  jump  of  the  valve.  This 
is  readily  seen  in  the  sample  cards  shown  in  Fig.  14. 

It  was  also  found  upon  removing  the  valve  at  the  completion 
of  the  experiment  that  the  cap  screw  which  fastened  the  valve 
to  the  lower  end  of  the  rod  had  loosened  and  this  no  doubt  had 
operated  to  disguise  the  effect  of  valve  closure  in  the  experi- 
mental data.  Results  were  discordant  although  a  general  ten- 
dency toward  increased  efficiencies  with  rapid  closure  was  dis- 
cernible. 

A  rapid  closure  of  the  valve  reduces  the  time  from  X  to  Y 
(Fig.  12)  during  which  the  water  is  wasting  with  only  a  small 
proporti(mate  increase  in  velocity.  It  also  reduces  the  time 
from  Y  to  Z  during  which  V('l<K'ity  and  water  arc  ])oth  lost  and, 
since  the  average  ])i-essuro  which  is  retardiug  this  velocity  and 
wasting  the  water  during  this  period  woukl  be  ])raetically  the 
same  in  any  case  of  valve  elosui-e,  we  may  reasonably  conclude 
that  it  ccm.serves  moie  of  the  aeeuniulated  energy. 

From    the    theoretical    standpoint    we    nuiy    theivfore    safely 
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say  that  a  rapid  valve  closure  conduces  to  greater  efficiency  of 
operation.  Some  manufacturers  avoid  a  rapid  closure  in  order 
to  reduce  the  shock  upon  the  machine. 


7.  Laic  of  Closure: — From  X  to  Y  (Fig.  12)  the  efficiency 
with  which  each  increment  of  velocity  is  obtained  decreases 
(since  the  curve  is  concave  downward).  The  less  efficiently 
this  gain  in  energy  is  obtained  the  less  should  be  the  length  of 
time  during  which  it  is  allowed  to  continue.  From  Y  to  Z  the 
loss  in  velocity,  per  instant  of  time,  ^Wll  increase  as  the  retard- 
ing head  increases  and  therefore  as  the  valve  approaches  its 
seat.  The  more  rapid  this  loss  the  shorter  should  be  its  dura- 
tion. 

This  reasoning  leads  to  the  conclusion  that  an  accelerated 
movement  of  the  valve  gives  greatest  efficiency. 

The  magnitude  of  the  effects  of  both  shock  pressure  and  loss 
during  closure  are  unsettled  questions.  They  should  be  corrected 
for  by  the  introduction!  of  an  experimental  coefficient  C  multiplied 
into  the  maximum  velocity  V  in  the  retardation  formulas.  The 
present  data  is  not  sufficiently  accurate  or  comprehensive  to 
determine  such  a  coefficient  satisfactory. 

8.  VoIunK  of  Air  ui  the  Ai)-  CJiarnhcr: — As  sho\ni  by  the 
theoretical  and  experimental  pressure  curves  in  Fig.  l-t  the  loss 
of  head  through  the  check  valve  is  maxinnim  and  the  efficiency 
of  pumping  therefore  minimum  at  the  first  instant  of  the  pump- 
ing period.  The  efficiency  of  the  operation  increases  during 
the  period  until  the  loss  of  head  becomes  zero  at  the  end.  Now 
with  a  siii;i!l  volume  of  air  the  pressure  increases  greatly  during 
the  stroke,  thus  requiring  the  most  efficient  pumpage  to  take 
place  (due  to  the  increased  pumping  headl  under  the  least 
favorable  conditions. 

A  large  volume  of  air  thus  increases  the  efficiency  with  which 
the  water  enters  the  air  chamber  besides  conducing  to  a  more 
uniform,  and  hence  a  more  efficient  discharge  from  the  same. 

It  is  desirable  that  future  experimenters  record,  in  order  ro 
prove  this  assertion,  botli  the  minimum  pressure^  and  the  range 
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of  pressure  during  the  pumping  period  instead  of  the  average- 
value  only,  as  was  done  in  these  experiments. 

9.  Amount  of  Water  in  the  Air  Chamher: — If  the  amount  of 
water  were  increased  while  at  the  same  time  the  air  chamber 
were  extended  upward  so  that  the  volume  of  air  might  remain 
constant,  the  effect  would  be  negligible  unless  for  a  slender  air 
chamber.  In  this  case  an  appreciable  effect  might  result  from 
the  necessity  of  starting  this  column  of  water  upward  at  the 
beginning  of  each  pumping  period. 

10.  Amount  of  Opening  or  Range  of  Movement  of  the  Waste 
Valve: — Increasing  the  opening  of  the  waste  valve  decreases  m 
(equation  [8a] )  and  therefore  increases  the  efficiency  during 
acceleration.  The>4loss  of  energy  in  closing  is  greater,  however, 
and  there  is  probably  an  economical  opening  for  any  given  valve 
under  each  condition  of  operation. 

11.  Type  of  Waste  Valve: — ^The  waste  valve  should  be  as 
light  as  consistant  with  strength  and  durability.  It  should  be 
held  open  wnth  a  long  spring  rather  than  by  a  weight  in  order 
that  it  close  more  quickly  after  starting.  The  necessary  valve 
area  should  be  obtained  by  a  number  of  small  valves  with  a 
small  range  of  movement  rather  than  by  a  large  valve  which 
would  need  to  be  built  thicker  and  heavier  to  possess  the  re- 
quired strength.  They  should  be  placed  as  close  as  practicable 
to  the  check  valve. 

12.  Type  and  Size  of  Check  Valve: — The  efficiency  during  re- 
tardation is  largely  determined  hy  the  check  valve,  as  explained 
in  discussing  the  diameter  of  drive  pipe  (see  4).  The  great  im- 
portance of  reducing  the  loss  through  the  check  valve,  or  valves, 
should  not  be  lost  sight  of  in  design.  About  the  same  principles 
no  doubt  apply  as  in  the  design  of  any  pump  valves. 
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CONCLUSION 

It  is  the  belief  of  the  writer  that  the  comparison  of  experi- 
ment and  theory  in  the  preceding  pages  has  demonstrated  the 
practicability  of  the  logical  design  of  a  hydraulic  ram  for  any 
given  working  conditions'.  There  are,  to  be  sure,  certain  con- 
stants entering  in  the  formulas  which  require  experimental 
determination.  IMost  of  these  are,  however,  fairly  well  known 
already,  such  as  f,  m,  mg,  etc.  Some  are  as  much  needed  for 
other  classes  of  pumps  as  for  the  hydraulic  ram,  viz :  c,  c',  m'  and 
the  slip  s'.  There  is  but  one  factor,  C,  which  is  useful  to  the 
ram  only,  and  this'  can,  by  a  properly  designed  waste  valve,  be 
reduced  to  nearly  unity.  Experiments  are  now  in  progress  to 
determine  C,  and  when  determined  equation  (22)  will  take  the 
form : 

~  CV  -  h 

(55 


c'  +  'i  C 


Due  to  the  fact  that  the  formulas  are  perfectly  general  in 
their  derivation,  there  is  every  reason  to  believe  that  they  would 
agree  as  closely  with  the  experimental  results  obtained  with 
any  other  ram  as  vnth.  the  one  used  in  these  experiments. 

If  there  is  any  reason  whatever  tending  to  limit  the  size  and 
capacity  of  the  hydraulic  ram,  it  is  the  practical  difficulties 
which  might  be  encountered  in  the  design  of  valves.  It  is  be- 
lieved that  these  are  no  more  insurmountable  than  those  encount- 
ered in  the  design  of  valves  for  other  pumping  engines  of  large 
size. 

"We  have  made  no  attempt  to  discuss  the  basis  for  true  eco- 
nomical design  which  involves  first  cost  as  well  as  operating  ef- 
ficiency. This  is  a  problem  to  be  separately  investigated  for 
each  particular  jcase. 
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INDEX  TO  NOMENCLATURE  USED  IN  FORMULAS. 


A    =  Cross-sectional  area  of  the  drive  pipe. 

a     =  c'  —  D 

av    =  Area  of  the  waste  valve  opening  considered  as  an  orifice. 

b     =c'  +  D 

C  =  Proportion  of  the  maximum  velocity  \'  which  is  con- 
served in  closing  the  valve. 

c      =  Coefficient  of  discharge  of  the  waste  valve. 

c'  =  Loss  of  head  through  the  check  valve  per  unit  rate  of 
flow,  (equals  2.5:^  feet  per  foot  of  velocity  in  a  two- 
inch  drive  pipe  or  1.76  feet  loss  of  head  per  pound  of 
water  flowing  through  the  valve  in  one  second,  for 
the  check  valve  used  in  these  experiments). 

D     =  v'c'^  -4mh 

D'    =   l/4mh  —  c'» 

d     =  Diameter  of  the  drive  pipe  in  feet. 

E    =  Efficiencj''  during  acceleration  period. 

E'    =  Efficiency  during  retardation  period. 

Em  =  Efficiency  of  the  machine,  or  total  efficiency. 

e      =  Base  of  natural  system  of  logarithms  =  2.71828. 

e'     =  thickness  of  the  pipe  wall. 

f      =  Friction  factor  for  the  drive  pipe. 

i'         is  defined  by  the  equation: 

m,  -|-m,  +  f^:-^  f    ^ 

g  =  Acceleration  due  to  gravity. 

H  =  Supi)ly  head  (Figure  1) 

h  =  Head  pumped  against  or  pumping  iiead  (Figure  1) 

h,  =  Head  in  drive  pi})e  at  waste  valve  during:  acceleration. 

h'  =  loss  of  head  through  check  valve. 
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'  1 

K  =  Volumnar  modulus  of  elasticity  of  water. 

1  _  2mv  •  4-  b 

^  ~  2mv'  +  a 

1  =  Length  of  drive  pijie. 

M    =  ^  (Summation    of    loss    coefficients);     where     friction 

through  check  valve  varies  as  v\ 

or,  loss  of  head  in  drive  pipe  and  valve  = 

1  A-        1 

Tu    =  I  m,  +m.  +  f  ,  + -v-^  ) s-  for    acceleration    period    or  = 

(  1  4-  nil  -j-  m,  +  f  ^  I  —  for  the  retardation  period. 

m    =  Coefficient  of  loss  through   the  check   valve  where  this 
loss  varies  as  v',  i.  e.,  where 

lost  head  =  m'  ^ 

m^  =  Entrance  loss  coefficient. 

m,  =  Coefficient  of  loss  due  to  elhows  and  obstructions. 

N     =  Number  of  strokes  recorded   ])y  the  tachometer  during 

one  run. 
n     =  Strokes  per  minute. 

P     =  Water  hammer  pressure  in  pounds  per  square  inch. 
Q     -  "Water  wasted. 
q     =  Water  pumped, 
qi    =  Discharge  per   second  through    waste  valve  (and  hence 

through  drive  pijte). 
R     =  Rate  of  decrease  of  area  a  in   s(|uare  feet  per  second  as 

the  valve  closes. 
eg 

^     =  T 

S     =  Total  distance  moved  by   a  cross-section  of  the  water 

column  during  a  period. 
s      =  Distance  moved  by  tlie  water  column  in  the  drive  pipe 

in  time  t  after  opening  or  closing  the  waste  valve. 
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s'  =  Slip  through  the  check  valve  ])er  stroke  expressed  in. 
terms  of  numher  of  feet  of  drive  i)ipe  filled  by  the 
water  thus  lost. 

t  =  Time  elapsed  after  beginning  of  the  period  under  discus- 
sion. 

Tc   =  Time  waste  valve  remains  closed. 

To  —  Time  waste  valve  remains  open. 

V  =  Maximum  velocity  of  water  in  the  drive  pipe  (equals 

velocity  at  time  of  closure  of  the  waste  valve). 

V  =  Velocity  of  water  in  the  drive  pipe  at  time  t. 

v"    =  Initial  velocity  in  the  drive  pipe  after  closure  of  the  waste 

valve. 
Vv    =  Velocity  of  discharge  from  the  waste  valve. 
W    =  Weight  of  water  required  to  fill  the  drive  pipe, 
w    =  Weight  of  a  cubic  unit  of  water  =  62.5  pounds  per  cubic 

foot. 

2mv'  +  c' 
a       =  ^, 

'   =^ 

X      -  Velocity  of  wave  motion  along  the  water  in  a  \npe. 
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INVESTIGATION    OF    FLOW    THROUGH    LARGE 
SUBMERGED    ORIFICES   AND   TUBES 


INTRODUCTION 

The  recent  construction  of  large  works  in  connection  with  the 
various  lines  of  Hydraulic  Engineering  has  emphasized  the  need 
of  further  experimental  knowledge  concerning  the  losses  of 
head  resulting  from  various  forms  of  resistances  interposed  in 
fl6\nng  streams  of  considerable  size.  The  loss  of  head  resulting 
from  the  flow  of  water  through  submerged  gates,  tubes  and 
orifices  of  considerable  size,  and  with  various'  forms  of  entrance 
and  outlet  is  one  of  the  most  important  divisions  of  the  general 
subject  which  needs  experimental  investigation.  Practically  the 
only  reliable  experimental  data  available  concerning  the  flow 
of  water  through  large  orifices  is  given  in  a  valuable  paper  by 
Mr.  Theodore  G.  Ellis,  entitled  "Description  and  Results  of 
Hydraulic  Experiments  with  large  Apertures  at  Holyoke,  Mass- 
achusetts.'' and  printed  in  the  Transactions  of  the  American 
Society  of  Civil  Engineers,  Volume  Y,  1875.  ]Mr.  Ellis  deter- 
mined the  loss  of  head  for  flow  through  apertures  which  were 
two  feet  square,  and  two  feet  by  one  foot,  when  discharging 
freely  into  the  atmosphere.  He  also  made  a  very  few  experi- 
ments on  the  loss  of  head  for  flow  through  submerged  apertures 
one  foot  square  and  one  foot  in  diameter  under  heads  from  two 
feet  to  fifteen  feet.  In  nearly  all  the  experiments  of  Mr.  Ellis, 
the  thiclmess  of  the  edge  of  the  apertures  remained  constant, 
about  one-half  inch  for  wood  and  one-fourth  inch  for  iron,  and 
perfect  contractions  of  the  emerging  stream  were  supposed  to 
take  place  on  all  sides  of  the  aperture.  In  the  single  case  of 
the  aperture  one  foot  square,  the  entrance  was  subsequently 
modified  so  as  to  have  a  curved  approach  on  all  four  sides,  and 
the  resulting  coefficients  of  discharge  were  determined. 
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In  the  experiments  at  the  University  of  Wisconsin,  described 
in  the  present  paper,  the  cross-section  of  the  orifice  or  tube  has 
been  kept  constant,  being  four  feet  square,  and  the  effects  of 
changing  the  length  of  the  tube  and  of  modifying  the  entrance 
conditions  by  curved  approaches  on  one,  two,  three  and  four 
sides  respectively,  for  each  of  the  various  lengths,  have  been 
studied. 

In  future  experiments  on  this  subject  at  the  University,  it 
is  planned  to  determine  the  coefficients  of  discharge  for  sub- 
merged tubes  and  orifices  of  various  forms  and  areas  of  cross- 
section,  with  and  without  entrance  and  outlet  modifications.  It 
is  intended  that  the  experiments  when  completed  will  fairly 
covered  the  field  of  investigation  laid  out  and  it  is  hoped  that 
the  results  will  be  of  material  aid  to  the  Engineering  Profession. 

The  writer  desires  to  acknowledge  the  services  of  INIr.  J.  R. 
Sherman  and  ]Mr.  W.  A.  Gattiker.  Avho  have  aided  him  by  care- 
ful work  on  the  computations,  and  by  suggestions  in  regard  to 
the  arrangement  of  the  subject  matter  described  in  the  bulletin. 

SUPPLY  OF  WATER 

The  experiments  were  made  at  the  new  Hydraulic  Laboratory 
of  the  University  of  Wisconsin,  located  on  the  shore  of  Lake 
Mendota,  which  furnished  an  abundant  supply  of  fresh  water. 
Exceptional  facilities  were  afforded  for  experiments  on  a  large 
scale,  and  care  was  taken  that  errors  of  observation  should  be 
reduced  to  as  small  a  percentage  as'  possible.  Plate  I  is  a  plan 
of  the  Laboratory,  showing  the  main  features  and  arrangement 
for  the  experiments.  The  water  was  taken  from  the  lake  by 
a  suitable  inlet  and  raised  about  twelve  feet  by  means  of  a  30 
inch  Morris  Machine  Works  Centrifugal  Pump,  and  delivered 
into  a  receiving  basin  which  measures  about  fifteen  feet  by 
eighteen  feet  and  ten  feet  deep.  From  the  receiving  basin  the 
water  floAvs  through  a  thiiiie  ten  feet  wide,  ten  feet  deep  and 
about  sixty-eight  feet  long,  and  may  be  used  for  operating  a 
30  inch  turbine  located  at  the  end  of  the  fiume  or  may  be  wasted 
through  gates  underneath  the  turbine,  after  Avhich  the  water 
flows  back  to  the  lake  through  a  tail  race  ten  feet  wide,  as  shown. 
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At  the  outlet  end  of  the  tail  race  is  a  sharp  crested  weir  with 
end  contractions  suppressed  and  having  a  length  of  crest  of  ten 
feet. 

Suitable  baffle  boards  were  inserted  in  the  receiving  basin  and 
at  the  entrance  to  the  flmne  until  it  was  found  by  trial  that  the 
water  flowed  in  lines  practically  parallel  to  the  sides  of  the  flume. 

DESCRIPTION  OF  BULKHEAD  AND  SUBMERGED 

■  TUBES 

The  bulkhead  containing  the  submerged  tube  was  located 
about  twenty-four  feet  from  the  entrance  of  the  ten  foot  channel, 
the  arrangement  being  shown  in  detail  on  Plates  I  and  II.  The 
planks  near  the  bottom  of  the  bulkhead  containing  the  sub- 
merged tube  were  four  and  three-quartei*s  inches  thick  in  order 
to  give  the  required  strength,  while  those  at  or  near  the  top 
were  three  and  three-quarters  inches  thick.  In  order  to  have  a 
uniform  thickness  of  three  and  three-quarters  inches  at  the  en- 
trance to  the  tube,  it  was  necessary  to  diminish  the  thickness 
of  the  four  and  three-quarters  inch  planks  around  the  entrance 
to  the  tube.  A  thiclmess  of  one  inch  and  width  of  seven  and 
one-half  inches,  was  therefore  cut  from  the  up  stream  side  of  the 
thicker  planks,  around  the  entrance  to  the  tube.  The  distance 
seven  and  one-half  inches  was  arbitrary,  and  judged  sufficient 
to  prevent  any  influence  of  the  one  inch  shoulder  on  the  flow 
of  water  through  the  tube.  The  bulkhead  was  thoroughly 
caulked  and  tested  for  leakage  previous  and  subsequent  to  the 
making  of  the  experiments  with  the  submerged  tubes. 

The  plan  followed  was  to  study  the  simple  forms  of  submerged 
tubes,  four  feet  square  with  entrance  having  square  comers,  and 
of  lengths  varying  from  thirty-one  hundredths  feet  to  fourteen 
feet,  finding  the  losses  of  head  and  coetficients  of  discharge  for 
the  various  rates  of  flow  through  the  tubes.  The  entrances  to  the 
tubes  of  varioiLs  lengths  were  then  modified  by  introducing 
cur^'ed  approaches,  elliptical  in  form,  and  thus  suppressing  the 
contraction  first,  on  the  bottom,  second,  on  the  bottom  and  one 
side,  third,  on  the  bottom  and  two  sides,  and  fourth,  on  the  bot- 
tom, two  sid(  .  and  top.  Plate  III  is  a  sketch  showing  the  various 
fonns  of  entrance  and  lensTths  of  tubes  used.     The  elliptical  form 
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of  the  curved  approach,  see  photograph  Plate  IV  and  details. 
Plate  VI.  was  chosen  to  suppress  the  contraction  because  with  the 
axes  of  the  ellipse  properl}^  proportioned,  it  answered  the  purpose 
of  gradually  g:uidino:  the  filaments  of  water  into  lines  parallel 


Plate  IV — Elliptical  Form  of  the  Ctrved  Approach 


with  the  axis  of  the  tulns  as  well  as  would  the  more  complicated 
transition  curves.  These  curves  of  the  ellipse  with  semi-axes,  as 
shown,  of  three  feet  and  two  feet,  were  constructed  by  nailinj? 
wooden  strips  one  inch  by  three  inches  to  elliptical  forms  and 
planing  the  outer  edges  of  the  strips,  until  the  surface  became  a 
smooth  curve.  These  eun^ed  forms  were  held  in  place  by  bracing 
to  the  sides'  of  tlie  ten  foot  cliannel.     No  attempt  was  made  to 
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make  the  forms  water  tight  but  care  was  taken  that  they  were  suf- 
ficiently so,  to  prevent  any  cross  currents  from  interfering  with 
the  flow  along  the  surface  of  the  curve  as  it  entered  the  tube. 

The  experiments  on  the  submerged  tubes,  with  entrance  hav- 
ing square  comers  and  of  lengths  varying  from  thirty-one  hun- 
dredths feet  to  fourteen  feet,  have  been  designated  by  series. 
(Xumbere  1  to  7),  the  tubes  being  shown  in  detail  on  Plate  V. 
In  series  Number  1.  the  length  of  the  tube  was  three  and  three- 
quarters  inches,  equal  to  thirty-one  hundredths  feet,  the  same  as 
the  thickness  of  the  bulkhead  wall,  the  opening  being  cut  through 
this  wall  at  an  angle  as  near  ninety  degrees  as  possible.  The 
roughness  from  the  effect  of  the  saw  'was  taken  off  with  a  smooth- 
ing plane,  but  sand  paper  was  not  used.  The  end  of  the  wood 
was  exposed  at  the  sides  of  the  tube  as  shown  in  the  details'.  In 
Series  Number  2.  the  length  of  the  tube  was  made  equal  to  sixty- 
two  hundredths  feet,  double  the  length  of  Series  Number  1,  by 
adding  wooden  strips  on  the  do\Mi-stream  side.  These  wooden 
strips  were  surfaced  and  fitted  closely  to  the  down-stream  edge  of 
the  previous  tube  so  that  the  effect  of  the  joint  was  practically 
eliminated.  In  Series  Numbers  3,  4.  5  and  6.  the  length  of  the 
tube  in  each  case  Avas  made  double  the  length  of  the  preceding 
series  number,  becoming  respectively  one  and  twenty-five  hun- 
dredths feet,  two  and  one-half  feet,  five  feet  and  ten  feet.  In 
Series  Number  7,  the  length  of  the  tube  was  made  fourteen  feet. 
al)out  the  extreme  length  possible  with  the  arrangement  of  bulk- 
head and  weir  channels  at  that  time. 

The  outlet  end  of  the  submerged  tube  (with  the  single  excep- 
tion of  the  tube  fourteen  feet  long,  termed  7c')  projected  into  the 
water  on  the  down  stream  side  of  the  bulkhead  and  was  firmly 
braced  to  the  sides  of  the  ten  foot  channel,  the  braces  being  ar- 
ranged in  such  a  way  as  not  to  interfere  with  the  flow  through 
the  tube.  In  the  case  of  the  fourteen  foot  tube  mentioned  above, 
a  light  bulkhead  of  one  inch  boards  was  constructed  at  the  outlet 
of  the  tube  to  the  sides  of  the  ten  foot  channel,  in  order  to  pre- 
vent the  return  currents  along  the  sides'  of  the  tube. 

The  various  forms  of  entrance  and  outlet  of  the  submerged 
tubes  used  have  been  designated  by  the  subscripts  a,  b.  c.  of  and 
d,  to  tho  ])nrticular  Series  Number.  1)y  which  the  length  is  des- 
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ignatecl.  Thiis  Series  Number  7  refers  to  experiments  on  the 
submerged  tube  fourteen  feet  long  with  entrance  having  square 
comers  and  outlet  projecting  into  the  water  on  the  down  stream 
side  of  the  bulkhead,  Avhile  Series  Number  7a  refers  to  experi- 
ment on  a  tube  of  the  same  length  but  having  the  contraction 
suppressed  on  the  bottom  at  entrance,  the  outlet  condition  re- 
maining the  same.  The  subscript,  c'.  has  been  used  to  designate 
the  same  entrance  condition  as  the  subscript,  c,  while  the  outlet 
condition  has  been  varied  b.y  the  construction  of  a  bulkhead  to 
the  sides  of  the  channel  at  the  outlet  of  the  tube.  For  conven- 
ience of  reference  the  meaning  of  the  subscripts,  a,  b,  c.  c'  and 
d  are  given  in  the  follo^dng  table: 

TABLE  I. 

DESCRIPTION  OF  FORMS  OF  ENTRANCE   AND  OUTLET  USED   FOR  EXPERI- 
MENTS WITH  SUHMERiiED  TOBES  4.0  FEET  SQUARE. 

Square  Corners : — Entrance  ;    All  corners  D")" . 

Outlet;    tub'  projecting  into  water  on  downstream  side  of  bulk- 
head. 

a:— Entrance;    contraction  suppressed  on  bottom. 

Outlet;    tube  projecting  into  water  on  downstream  side  of  bulk- 
bead. 

contraction  suppressed  on  bottom  and  one  side, 
tube  projecting  into  water  ou  downstream  side  of  bulk- 
head . 

contraction  suppressed  on  bottom  and  two  sides, 
t  jbe  projecting  into  water  ou  downstream  side  of  bulk- 
head. 

c  ."—Entrance  ;    contraction  suppressed  on  bottom  and  two  sides. 

Outlet;    square  corners  with  bulkhead  to  siies  of  cliaunel  pre- 
venting the  return  current  along  the  sides  of  thu  tabe. 

d: — Entrance;    contraction  suppressed  on  bottom,  two  sides  and  top. 

Outlet;    tube  projecting  into  water  on  downstream  side  of  bulk- 
liead. 

The  following  table  is  a  summary  giving  the  lengths  and 
forms  of  entrance  and  outlet  used  in  the  experiments  with  sub- 
merged tubes. 

TABLE  II. 

LENGTH  OP  TUBES  AND  FORMS  OF  ENTRANCE  AND  OUTLET  USED  FOR 
EXPERIMENTS  WITH  SUBMERGED  TUBES  4.0  FEET  SQUARE. 

ILLUSTRATED  BY  PLATE  III. 


b:— Entrance ; 
Outlet; 


c :  -Entrance ; 
Outlet; 


Length 
in  feet. 


0.31 
0.62 
1.25 
2.50 
5.00 
10.  (10 
14.00 


FoEM  OF  Entrance  and  Ootlet  Used  With  Submerged 

TCTBE. 


Square  corners. 
Square  corners. 
^quaro  corners. 
Square  corners. 
S(iuare  corners. 
Square  corners. 
Si|uare  corners. 
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Plates  VI,  VII.  VIII  and  IX  show  respectively  the  details  of 
the  submerged  tubes  for  the  experiments  of  Series  Number  la, 
lb.  le.  Id:  Series  Numbers  la,  ib.  -ic,  4d;  Series  Numbers  5a, 
5b.  5c.  5d  and  Series  Numbers  7a.  7b.  7c.  7c'.  7d. 
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The  diniensioDs  and  areas  of  cross-sections  of  the  submerged 
tubes  experimented  with  are  given  in  the  following  table. 

TABLE  in. 
CROSS-SECTIONS  OF  SUBMERSED  T'TBES,  4.0  FEET  SQUARE. 


Length 

of 
tube . 

Dimensions  of  tubes. 

Area  . 

of 
cross- 
section  . 

Series  No. 

Top. 

Bottom. 

Right 
side. 

Left 
side. 

Inlet  of  all  series 

Ft. 

Ft. 

4.000 
4.000 
3.990 
3.980 
3.960 
3.955 
4.000 
4.C07 

Ft. 

3.990 
3.990 
3.9b0 
3.970 
3.960 
3.953 
4.010 
4.004 

Pt. 

4.000 
4.000 
4.002 
4.005 
3.980 
3.986 
4.030 
4.000 

Ft. 

4.000 
4.000 
4  002 
4.005 
3  980 
3.9H6 
4.030 
4.000 

Sq.  ft. 
15.980 

Outlet  of  series  No.    1 

Outlet  of  series  No.   2  

Outlet  of  series  No.   3 

Outlet  of  series  No.   4 

Outlet  of  series  No.   5 

Outlet  of  series  No.   6 

Outlet  of  series  No.   7 

0.31 
0.62 
1.25 
2  .50 
5.00 
10  00 
14.00 

15.980 
15.948 
15.920 
15.761 
15.721 
16.140 
16.022 

The  slight  variations  from  the  four  foot  dimensions  in  the 
case  of  Series  Numbers  3,  4  and  5  were  accidental.  In  the  com- 
putations of  the  coefficients  of  discharge  (page  318),  the  area 
of  the  cross-section  has  been  used  as  sixteen  square  feet  in  all 
cases. 

DESCRIPTION  OF  WEIES 

Three,  Two  and  One-Half  Foot  Sharp  Crested  Weirs 

The  facilities  for  making-  a  volumetric  calibration  of  a  weir, 
whose  length  of  crest  is  ten  feet,  were  not  available,  so  the  ex- 
pedient was  used  of  dividing  the  ten  foot  channel  into  three 
similar  channels,  each  having  a  lengih  of  about  fifteen  feet, 
and  a  sharp  crested  weir  with  end  contractions  suppressed  at  the 
end  of  each  channel.  Plates  X  and  XI  are  photographs  taken 
with  a  head  on  the  weirs  of  about  one  and  three-tenths  feet 
and  show  veiy  plainly  the  arrangement  of  the  three  channels 
of  approach  and  sharp  crested  weirs.  Plate  XI  shows  the  three 
adjustable  still  water  basins  used  for  measuring  the  heads  on' 
the  weirs.  In  order  to  form  a  variable  height  of  water  sur- 
face on  the  down  stream  side  of  the  bulkhead  containing  the 
submerged  tube,  the  three  sharp  crested  weirs  were  made  ad- 
justable in  height,  as  shown  on  Plates  I  and  II.  The  main 
feature  of  the  weirs  consisted  of  a  fixed  bulkhead,  extending 
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about  five  feet  above  the  bottom  of  the  channel  and  a  movable 
gate  above  the  bulkhead,  extending  the  full  width  of  the  ten 
foot  channel  and  capable  of  being  raised  or  lowered  by  means 
of  two  hand  wheels,  one  on  each  side  of  the  channel.  The 
crests  of  the  three  weirs  were  made  of  a  single  plate  of  wrought 
iron,  six  inches  by  three-sixteentlis  inches,  bolted  to  the  upper 
edge  of  the  movable  timber  gate  and  beveled  on  the  do^Ti  stream 
side  of  the  top  edge  to  a  thickness  of  about  one-sixteenth  of 
an  inch.  The  joints  around  the  weir  openings  were  made  water 
tight  by  means  of  gaskets  which  consisted  of  cloth  insertion 
rubber  tubing,  one-half  inch  in  diameter,  the  movable  gate  be- 
ing dra^\^l  against  the  gaskets  by  means  of  lag  screws  passing 
through  cleats  adjustable  vertically  in  the  timber  frame  sup- 
porting the  bulkhead  and  gate.  These  gaskets  were  horizontal 
at  the  top  of  the  fixed  bulkhead,  and  extended  vertically  up- 
wards on  each  side  of  the  weir  openings  to  the  maximum  height 
of  water  in  the  channels  of  approach.  Each  of  the  three  weirs, 
had  its  own  channel  of  approach,  the  channels  being  about  fif- 
teen feet  long.  The  sides  of  the  channels  were  lined  with  one 
inch  pine  surfaced  flooring  boards  so  that  all  three  of  the  chan- 
nels of  approach  and  weirs  were  practically  alike,  the  only  var- 
iation being  that  of  slight  difference  in  width  of  about  one-half 
inch  in  the  case  of  one  weir.  The  board  linings  of  the  channel 
were  extended  down  stream  from  the  crest  of  the  weir  a  dis- 
tance of  one  and  one-half  feet  and  also  below  the  cre-st  of  the 
weir  a  distance  of  about  two  feet,  so  that  the  weirs  had  their 
end  contractions  suppressed  and  the  filaments  were  guided  in, 
parallel  planes  after  passing  over  the  crest.  The  board  lin- 
ing's around  the  crests  of  the  adjustable  weirs  had  to  be  removed 
each  time  the  crests  were  adjusted.  These  boards,  attached 
by  counter-sunk  flat  headed  screws,  were  five  feet  long  just 
above  the  crest  of  the  weir  and  extended  up  stream  into  the 
channels'  approach  so  as  to  avoid  making  joints  on  the  vertical 
lines  above  the  crests  of  the  weirs.  The  slight  openings  be- 
tween the  weir  boards  and  the  ends  of  the  boards  lining  the 
channels  were  filled  with  oakum  and  make  practically  Avater 
tight,  thus  preventing  cross-currenti3.  which  would  interfere 
with  the  linear  flow  over  the  weir  crest.     A  slight  leakage  be- 
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tween  channels  of  approach  was  unavoidable.  The  aiTange- 
ment  of  the  Aveirs  with  the  intervening  spaces  of  about  eight 
inches  between  the  ends  allowed  free  entrance  of  air  beneath 
the  nappes'.  The  measurements  of  heads  on  the  crest  of  the 
weirs  were  made  by  connecting  the  weir  channels  with  still 
water  basins  located  below  the  weirs,  as  shown  on  Plates  I  and 
II.  Readings  were  taken  of  the  elevations  of  water  surfaces  in 
the  still  water  basins  by  means  of  accurate  hook  gages.  The 
connections  between  the  weir  channels  and  still  water  basins 
were  made  by  one  inch  wrought  iron  pipes  and  one  inch  rubber 
tubes  as  shown.  The  tubes  were  attached  to  the  still  water 
basins  by  means  of  malleable  iron  unions  and  were  easil.y  dis- 
connected. By  lowering  the  outlet  end  of  a  tube  and  allowing 
free  circulation  of  the  water,  the  air  in  the  connecting  pipe  and 
rubber  tube  could  be  easily  removed. 

The  connections  with  the  weir  channels  were  made  at  points 
eight  feet  up  stream  from  the  crest  of  the  weirs,  five  feet  above 
the  floor  of  the  channel  and  about  two  and  one-half  feet  below 
the  crest  of  the  weirs.  The  iron  pipes  connecting  with  the 
weir  channels  were  arranged  so  as  to  enter  at  right  angles  to 
the  sides  of  the  channels,  provision  being  made  that  the  inner 
•ends  of  the  pipes  should  be  flush  with  the  sides  of  the  channels. 
In  order  to  provide  an  even  surface  for  the  filaments  of  water 
■adjoining  the  entrance  to  the  pipes,  to  pass  over,  each  enter- 
ing pipe  was  screwed  through  the  center  of  an  iron  plate,  four 
inches  by  seven  inches  and  one  quarter  inch  thick,  and  the  end 
of  the  pipe  and  surface  of  the  plate  made  even  by  surfacing. 
The  iron  plates  were  then  set  into  the  wooden  sides  of  the  chan- 
nels until  the  outer  surfaces  of  the  plates  were  flush  Avith  the 
wood,  the  seven  inch  dimensions  of  the  plates  being  placed  in 
the  directions  of  the  flow  of  watcn*.  In  order  to  ((uiet  the  water 
in  the  channels  of  approach,  timlxT  floats  two  and  one-half 
feet  wide  and  eight  feet  long  were  constructed  of  three  inch 
planks  and  floated  in  the  up  stream  ends  of  the  channels,  as 
shown  on  Plate   I. 

The  lengths  of  the  crests  of  llic  weirs  located  at  the  outlets 
of  channels.  Xnnil)er  f),  6,  and  7.  were  2. ;")(),■)  feet.  l*..")l(i  \'vc\  and 
2.544  feet  respectively. 
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In  the  series  of  experiments  with  submerged  tubes,  four 
feet  square,  the  desired  range  of  head  on  the  tubes,  zero  to  four- 
tenths  feet,  was  found  possible  without  adjusting  the  height  of 
the  crest  of  the  weire,  which  remained  constant,  being  equal  to 
seven  and  one-half  feet. 

Before  using  the  weirs  for  purposes  of  ineasurement,  they 
were  tested  for  leakage  by  boarding  above  the  crests  of  the 
weirs,  to  a  height  of  about  one  and  one-half  feet  and  filled 
with  water.  The  tubular  gaskets  were  very  satisfactory  and 
very  little  additional  caulking  was  found  necessarj^  to  make  the 
weir  channels  water  tight. 

TEX   FOOT   SHARP   CRESTED   ^VEIR 

The  details  of  the  ten  foot  sharp  crested  weir,  located  at  the 
outlet  of  the  tail  race,  are  shown  on  Plate  I.  The  end  con- 
tractions were  suppressed,  and  the  height  of  the  crest  of  the 
weir  above  the  bed  of  the  channel  of  approach  was  equal  to 
three  and  seven-tenths  feet.  The  weir  plate  was  perpendicular 
to  the  concrete  side  walls  of  the  channel  of  approach.  On  the 
left  side  of  the  channel  the  concrete  wall  extended  do^vn 
stream  from  the  crest  of  the  weir  and  served  to  guide  the  fila- 
ments of  water  in  parallel  planes.  On  the  right  side  of  the 
channel  the  concrete  wall  ended  at  the  crest  of  the  weir,  but  the 
plane  of  the  side  wall  was  produced  down  stream  about  two 
feet  and  also  below  the  crest  of  the  weir  a  distance  of  about  one 
foot  b}^  means  of  a  galvanized  iron  plate.  The  space  below  this 
plate  adjacent  to  the  weir  crest  provided  ample  area  for  the 
admission  of  air  underneath  the  nappe  of  the  weir. 

Heads  on  the  crest  of  the  weir  were  determined  from  the 
readings  of  accurate  hook  gages  located  in  still  water  basins  as 
shown  on  Plate  I.  These  basins  were  connected  with  the  chan- 
nel of  approach  by  one  inch  iron  pipes  at  points  eight  and  one- 
half  feet  up  stream  and  three  inches  below  the  crest  of  the 
weir.  These  pipes  entered  the  channel  of  approach  at  right 
angles  and  with  ends  flush  with  the  surface  of  the  concrete  side 
walls.  The  hook  gages  were  designated  as  "Right  Side"  and 
"Left  Side"  according  as  they  were  for  reading's  of  heads  on 
the  weir  on  the  right  and  left  sides  respectivelv.     In  order  to 
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quiet  the  Avater,  baffle  boards  were  constructed  at  the  entrance 
to  the  channel  of  approach  and  also  a  thnber  float  nine  feet 
square  and  three  inches  thick  Avas  held  in  position  near  the  en- 
trance to  the  tail  race,  as'  shown  on  Plate  I.  Simultaneous  read- 
ings were  made  of  heads  on  the  two  and  one-half  foot  weii-s  and 
on  the  ten  foot  weir  during-  a  portion  of  the  observations  for  the 
purpose  of  comparison  of  individual  measurements  of  flow  with 
computed  results,  and  for  calibration  of  the  ten  foot  weir. 


DESCRIPTION  OF  HOOK   GAGES  AND   STILL  WATER 

BASINS 

The  form  of  hook  gages  used  is  shown  in  detail  on  Plate  XII 
and  by  photograph.  Plate  XIII.  The  hook  was  fa&tened  on  one 
end  of  a  brass  tube  about  three  and  one-half  feet  long,  on 
which  were  accurately  marked  one-half  foot  spaces.  The  prin- 
cipal scale  on  the  hook  gage  was  one  foot  long  and  divided  into 
tenths  and  hundredths  of  a  foot.  A  micrometer  screAV  with  its 
head  divided  into  one  hundred  parts  made  it  possible  to  obtain 
readings  of  the  elevation  of  the  water  surface  to  thousandths  of 
a  foot.  A  very  convenient  feature  of  the  hook  gage  was  the 
arrangement  of  an  adjustable  frame  which  carried  the  prin- 
cipal scale,  micrometer  screw  and  hook  with  its  tube.  This 
frame  was  adjustable  vertically  by  means  of  a  screw  on 
the  fixed  franie  which  served  to  adjust  the  point  of  the  hook  to 
any  desired  elevation,  as.  level  with  the  crest  of  the  weir  when 
the  readings  of  the  principal  scale  and  micrometer  were  zero. 
The  bra.ss  tube  with  its  hook  could  be  made  of  any  length  de- 
sired, and  thus  any  change  of  elevation  of  the  water  surface 
AAnthin  the  length  of  the  tube  accurately  noted. 

The  hook  gages  were  desig-ned  by  Professor  D.  W.  IMead  and 
made  in  the  Mechanician  Department  of  the  College  of  Engi- 
neering of  the  University,  under  the  direction  of  i\Ir.  E.  H.  J. 
Lorenz,  to  whom  credit  is  also  duo  for  the  perfecting  of  the  de- 
tails of  the  instruments. 

Still  water  basins  twelve  inches  by  twelve  inches  and  twelve 
inches  deep  were  constructed  of  galvanized  iron  and  arranged 
to  be  adjustable  vertically  as  shown  on  Plate  XII.     Holes  one- 
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Plate  XIII — Vii:w  Showing  Adjustable  Hook  Gage. 
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quarter  inch  iii  diaiiieter  and  about  one  and  one-half  inches 
apart  were  made  in  the  sidas  of  these  basins,  while  the  ends  and 
bottom  were  left  closed. 

The  gages  in  the  channel,  ten  feet  wide,  were  located  on  the 
center  line  of  the  channel  and  at  points  selected  with  the  object 
of  determining  the  head  on  the  submerged  tube  and  the  slope 
of  the  water  surface,  both  up  stream  and  down  stream,  from  the 
bulkhead  containing  the  submerged  tube.  The  locations  of  the 
various  hook  gages  are  shown  on  Plate  I,  and  for  convenience 
of  reference  the  various'  distances  of  the  gages  from  the  bulk- 
head and  the  locations  of  the  gages  used  for  given  heads  on  the 
two  and  one-half  foot  weirs  and  the  ten  foot  weir  are  arranged 
in  the  form  of  a  table. 


TABLE  IV 
DATA  FOR  THE  LOCATION  OF  THE  HOOK  GAGES  USED. 


Hook  <^age  No. 

Location. 

0 

1 

2 

3 

4 

4' 

4" 

For  Heads  on  tlie  Submerged  Tube  and   Slope  of  Water  Surface 
in  the  Ten  Foot  Channel. 

17  feet  0  inches  upstream  from  the  bulkhead  containing  tube. 

7  feet  0  inches  upstream  from  the  bulkhead  containing  tube. 
0  feet  2  inches  upstream  from  the  bulkhead  containing  tube. 
0  ft-et  3  inches  downstream  from  bulkliead  containing  tube. 

8  feet  3  inches  downstream  from  bulkhead  containing  tube. 
10  feet  0  inclies  downstream  from  bulkhead  containing  tube. 
14  feet  0  inches  downstream  from  bulkhead  containing  tube. 

5 

For  Heads  on  tlie  Two  and  One-Half  Foot  Weirs. 
In  still  water  basin  connected  with  weir  channel  No.  5. 

"Rifrht  side"  .... 
"Leftside"  

For  Heads  on  the  Ten  Foot  Weir. 

In  still  water  basin  connected  with  right  side  of  tail  race. 
In  still  water  basin  connected  with  lelt  side  of  tail  race. 

DESCRIPTION  OF  DIAL  FLOAT  GAGE 


For  maintaining  a  constant  elevation  of  water  surface  in  the 
canal  leading  to  the  submerged  tube,  a  dial  float  gage  was  con- 
structed, see  Plate  XIV.  The  float  was  made  of  galvanized 
iron,  cylindrical  in  form,  seven  nnd  one-half  inelies  in  diameter 
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and  eight  inches  high.  It  was  guided  vertically  by  being  placed 
in  a  wooden  tube,  eight  inches  by  eight  inches'  inside  measure- 
ments and  ten  feet  long,  the  water  being  admitted  through 
holes  one-quarter  inch  in  diameter  and  spaced  one  foot  center 
to  center  along  the  center  line  of  the  side  parallel  to  the  direc- 
tion of  flow.  A  cord  from  the  float  was  passed  over  a  brass 
pulley  of  one  and  one-eighth  inch  radius  and  was  connected  to  a 
counterweight.  An  index  hand  seven  inches  long  was  attached 
to  the  axle  of  the  pulley  and  revolved  in  front  of  a  galvanized 
iron  circular  plate  of  eight  inches'  radius.  The  displacement 
of  the  outer  end  of  the  hand  was  thus  about  five  and  one-half 
times  the  change  in  elevation  of  the  water  surface.  The  gage 
was  located  in  the  ten  foot  channel,  about  thirteen  feet  up  stream 
from  the  bulkhead  containing  the  submerged  tube,  and  placed 
so  as  to  be  easily  seen  from  the  centrifugal  pump.  It  was  the 
duty  of  the  man  operating  the  pump  to  keep  constant  watch  of 
the  index  hand  and  by  regulation  of  the  throttle  valve  in  the 
pipe  supplying  the  stream  to  the  pump,  to  maintain  the  index 
hand  at  any  given  position.  It  will  be  noticed  that  the  gage 
did  not  indicate  actual  elevations  of  the  water  surface  but  simply 
made  it  possible  to  observe  the  fluctuations  in  elevation  so  that 
the}'  could  be  kept  within  desirable  limits.  The  method  was 
very  satisfactory.  The  maximum  variation  in  elevation  of  water 
surface  with  careful  work  did  not  exceed  three  one-hundred ths 
of  a  foot  during  an  experiment  lasting  from  one-half  hour  to  one 
hour. 


CALIBEATION  OF  SHARP  CRESTED  WEIR, 
2.505  FEET  LONG 

End  Contractions  Suppressed;  Height  of  Crest  Aijove  the 
Bed  of  Channel,  7.5  Feet 

In  order  to  determine  with  accuracy  the  quantity  of  water 
flowing  through  the  submerged  tube,  it  was  considered  necessary 
to  determine  the  coefficients  of  discharge  of  the  three  sharp 
crested  weirs  for  the  same  eondilioiis  of  f\n\v  as  existed  during 
the  experiments. 
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The  three  weirs  being  practically  the  same  with  respect  to 
fonn,  length  and  height  of  crest,  the  channels  of  approach  be- 
ing the  same  in  all  respects  and  of  sufficient  length  to  insure 
flow  parallel  to  the  sides  of  the  channel,  the  three  weirs  would 
theii  have  the  same  coefficient  of  discharge  for  any  one  head. 

The  weir  chosen  for  calibration  was  at  the  outlet  of  weir 
channel  Number  5.  adjoining  the  left  side  of  the  ten  foot  chan- 
nel, as  shown  on  Plates  I  and  II.  For  the  measurement  of  the 
volume  of  water  Howing  in  a  given  time,  a  suitable  measuring 
basin  practically  Avater  tight  was  provided.  This  measuring 
basin  consisted  of  the  space  about  eight  feet  by  ten  feet  just 
below  the  weire  and  extending  to  the  head  gates  for  the  30  inch 
turbine,  and  also  of  a  spaae  about  seven  feet  by  twenty-five 
feet,  occupied  by  the  two  weir  channels.  Numbers  6  and  7,  which 
were  made  water  tight  by  means  of  a  bulkhead  built  along  the 
dotted  line,  KL]\I.  Plate  I.  The  former  space  has  been  termed 
measuring  basin  Number  1,  and  the  latter,  measuring  basin 
Number  2.  An  aperture  about  two  feet  by  six  feet  was  made 
in  the  walls  between  the  two  measuring  basins,  so  the  two  basins 
Avere  practically  the  same  as  one.  The  maximum  depth  of  water 
allowable  in  the  measuring  basin  was  about  sis  feet,  the  water 
above  this  depth  preventing  the  free  entrance  of  air  underneath 
the  nappe  of  the  weir. 

These  two  measuring  basins  were  carefully  calibrated  by  the 
writer  previous  to  the  cutting  of  the  large  aperture  which  made 
them  practically  one  basin.  For  this  purpose  the  weight  of  a 
cubic  foot  of  water  Avas  assumed  as  sixty-two  and  four-tenths 
pounds,  and  measured  quantities  of  water  of  about  fifty  cubic 
feet  successively  emptied  into  the  basins  until  they  were  filled. 
A  record  of  time  was  also  kept  so  that  allowance  could  be  made 
for  infiltration  and  leakage.  The  infiltration  was  into  measur- 
ing basin  Number  2,  and  resulted  from  having  water  in  the  ad- 
joining ten  foot  channel  so  as  to  reproduce  the  same  conditions 
as  existed  during  the  calibration  of  the  weir.  During  the  cali- 
bration of  the  weir  the  surface  of  the  water  in  the  ten  foot 
channel  varied  from  level  with  the  crest  of  the  weir  to  one  and 
one-half  feet  head  on  the  crest  of  tlio  weir.  The  height  of  the 
crest  of  the  weir  above  the  bed  nl"  the  clumiit'l  l)eing  seven  and 
onc-liair    feet.   i\\c   (Icplh    ul"  the   water   in   the   ten    foot   clininu^ 
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varied  from  seven  and  one-half  feet  to  nine  feet.  Correspond- 
ing to  each  of  the  depths,  seven  and  one-half,  eight,  eight  and 
one-half  and  nine  feet  in  the  ten  foot  channel,  measurements 
of  infiltration  into  measuring  basin  Number  2  were  made  for 
the  depths  of  water  in  this  basin  varying  from  zero  to  six  feet. 
From  the  results  of  these  measurements,  curves  representing  in- 
filtration were  platted  for  the  various  depths  of  water  in  the 
ten  foot  channel.  These  curves  were  checked  by  measurements 
subsequent  to  the  calibrations  of  the  measuring  basins  and  weir, 
and  indicated  practically  constant  conditions  of  infiltration.  The 
amount  of  infiltration  varied  from  zero  to  a  maximum  of  three- 
quarters  of  a  cubic  foot  per  minute,  depending  on  the  difference 
of  level  between  the  water  surfaces  in  the  ten  foot  channel  and 
basin  Number  2. 

i\feasurements  of  leakage  from  basin  Number  1  through  the 
gates  imderneath  the  turbine  pit  were  also  carefully  made  pre- 
vious and  subsequent  to  the  calibrations  of  the  measuring  basins 
and  weir.  The  leakage  from  basin  Number  1  varied  from  zero 
to  a  maximum  of  one-half  cubic  foot  per  minute,  depending  on 
the  difference  of  level  between  the  water  surfaces  in  basin 
Number  1  and  the  tail  race.  As  the  time  interval  required  for 
calibrating  each  of  the  measuring  basins  was  about  one  and  one- 
half  hours,  the  corrections  for  infiltration  and  leakage  were 
very  necessary.  The  results  of  the  calibration  of  the  measur- 
ing basins  showed  an  average  of  81.4  cubic  feet  for  each  foot 
of  ri.se  in  basin  Number  1,  and  an  average  of  142.9  cubic  feet 
for  each  foot  of  ri.se  in  basin  Number  2. 

To  indicate  the  depths  of  water  in  the  measiiring  basins,  two 
fioat  gages  were  used,  one  located  in  each  compartment,  as  shown 
on  Plate  1.  These  floats  were  made  of  galvanized  iron 
cylindrical  in  form,  seven  and  one-half  'inches  in  diameter 
and  eight  inches  high,  each  having  a  rising  stem  about  ten  feet 
long  made  of  oue-eighth  inch  iron  pii)e.  Fastened  to  the  ujiper 
end  of  each  stem  was  an  index  which  enabled  readings  to  be 
accurately  made  on  a  graduated  stationary  scale  behind  the 
stem.  The  floats  were  guided  vertically  by  being  placed  in 
wooden  l)oxes  eight  inches  by  eight  inches  inside  measurements 
and  having  vertical  slot  openings  one  inch  wide  at  each  corner 
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and  extending  throughout  their  length.  The  object  was  to  pre- 
vent, as  much  as  possible,  the  fluctuations  of  the  floats  from  wave 
motion,  and  still  have  sufficient  openings  for  the  water  to  enter 
the  boxes  so  that  the  elevation  of  the  water  surface  in  the  boxes 
would  not  lag  behind  that  outside. 

In  order  to  empty  the  measuring  basins  while  the  water  was 
flowing  over  the  weir,  a  ten  inch  gate  valve  was  placed  in  the  tim- 
ber waste  gate  leading  underneath  the  turbine  as  shown  on  Plates 
I  and  II.  This  valve  not  being  of  sufficient  capacity  to  take  the 
entire  flow  of  the  two  and  one-half  foot  weir,  it  was  necessary 
to  provide  some  further  means  of  wasting  the  water.  For  this 
purpose  a  trough  two  and  one-half  feet  wide  and  one  and  one- 
half  feet  high  (Plate  IJ)  was  arranged  to  be  easily  and  quickly 
moved  lengthwise  on  rollers  by  means  of  a  lever,  and  to  inter- 
cept the  sheet  of  water  flowing  over  the  w'eir  and  carry  it  to  the 
turbine  pit.  In  placing  the  trough  to  intercept  the  nappe  of 
the  weir,  the  inner  end  was  kept  about  four  inches  from  the 
face  of  the  weir  so  as  to  allow  space  for  the  admission  of  air 
underneath  the  nappe  of  the  weir. 

A  set  of  careful  observations  were  made  to  determine  if  there 
was  any  sudden  or  gradual  change  of  head  on  the  weir  result- 
ing from  removing  the  trough  from  the  position  intercepting 
the  nappe  of  the  weir.  For  this  purpose,  an  additional  hook 
gage  was  placed  in  a  still  water  basin  in  the  center  of  the  chan- 
nel and  eight  feet  up  stream  from  the  crest  of  the  weir.  Simul- 
taneous readings  of  this  hook  gage  and  hook  gage  Number  5 
were  made  at  intervals  of  one-half  minute  during  a  period  of 
one  hour,  the  trough  remaining  for  at  least  fifteen  minutes  in 
each  of  the  two  positions,  intercepting  or  clearing  the  nappe  of 
the  weir.  The  comparison  of  the  averages  of  the  observed 
heads  on  the  weir  for  the  two  positions  showed  that  there  was 
no  measiii-eable  change  of  head  on  the  weir  resulting  from  the 
change  of  position  of  the  trough.  The  comparison  of  the  aver- 
ages of  the  readings  of  the  two  hook  gages  also  showed  the 
correctness  of  the  method  of  measuring  the  head  on  the  crest 
of  the  weir  by  means  of  the  still  water  basin  located  below  the 
crest  of  the  weir. 

In  making  the  observations  for  calibration  of  the  weir,  a  run- 
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ning  start  was  made.  The  head  on  the  weir  was  maintained 
as  nearly  constant  as  possible,  the  readings  of  the  hook  gage, 
Number  5,  taken  at  intervals  of  one-half  minute,  furnished  an 
indication  of  when  conditions  were  suitable  for  starting  an  ob- 
ser\'ation.  The  water  was  lowered  as  much  as  possible  in  the 
measuring:  basin,  the  ten  inch  waste  valve  closed,  and  the  trough 
for  carrying  the  waste  water  rolled  back  so  as  to  be  clear  from 
the  nappe  of  the  weir.  The  readings  of  the  float  gages  were 
then  taken  simultaneously  with  the  starting  of  the  stop  watch. 
When  the  measuring  basins  were  filled  to  a  depth  of  about  six 
feet,  readings  of  the  float  gages  were  again  taken  simultaneously 
■\nth  the  stopping  of  the  watch.  The  hook  gage  giving  the  read- 
ing of  the  head  on  the  crest  of  the  weir  was  read  at  intervals  of 
one-half  minute  for  at  least  five  minutes  previous  to  the  experi- 
ment and  then  at  intervals  of  one-half  minute  during  the  ex- 
periment. The  following  table  is  a  summary  of  the  results'  of 
the  observations  for  calibration  of  the  weir.  The  values  in 
columns  Number  5  and  6  are  the  rise  of  water  in  the  meauring 
basins  Number  1  and  2,  respectively.  Column  Number  7  gives 
the  volume  of  water  flowing  into  the  basins  in  the  given  time  in- 
ter-ral.  Columns  Number  8  and  9  give  the  necessary  data  for 
the  calibration  of  the  weir. 
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TABLE  V. 
RESULTS  OF  OBSERVATION'S  POR  CALIBRATION  OFSHIRP  CRESTED  WEIR 
2. Mo  FEKr  L  JNG.     END  CON  CR  VCTIONS  SUKeRESSED:  HEIGdT  OF  CREST 
ABOVE  THE  BED  OF  CHANNEL,  T.o  FEET. 


Date. 

1 
Time. 

Refer- 
ence 
No. 

Time  inter- 
val filling 
measuriug 

Rise  of  water 

in  measuring 

basins. 

Total 
volume. 

Dis- 
charge 
cubic  ft. 

Average 
observed 
head  on 
weir  dur- 

1907. 

basins. 

per  sec. 

ing  obser- 

No. 1 

No.  2 

vations. 

H.  M. 

M.      S. 

Feet. 

Feet. 

Cubic  ft. 

Feet. 

1 

8 

3 

4 

5 

6 

7 

8 

9 

April  4..'.... 

3    55 

1 

1    44.0 

4.40 

4.44 

1008 

9.69 

1.0980 

4    06 

2 

1     3(>.2 

3.98 

4.00 

910 

9.44 

1.0886 

4    17 

3 

1    42.3 

4.23 

4.20 

958 

9.37 

1.0835 

4    25 

4 

1     39.8 

4.06 

4.02 

915 

9  26 

1.0784 

4    38 

5 

1     40. U 

4.10 

4.15 

940 

9.40 

1.0798 

5    14 

6 

3    29.0 

4.28 

4.28 

960 

4.59 

0.6821 

5    25 

7 

3    22.3 

4.  IS 

4.19 

950 

4.69 

0.6783 

5    34 

8 

3    36.8 

4.36 

4.36 

985 

4.56 

0.6ri82 

5    43 

9 

3    36.5 

4.40 

4.39 

993 

4.58 

0.6745 

5  .  51 

10 

3    31.4 

4.19 

4.19 

954 

4.51 

0.6703 

April  5 

3    16 

11 

3    38.2 

4.40 

4.44 

1000 

4.58 

0.6645 

3    29 

12 

3    44.5 

4.40 

4.40 

996 

4.44 

0.6492 

3    41 

13 

3    48.0 

4.40 

4.44 

1004 

4.39 

0.6453 

3    51 

14 

3    34.5 

4.20 

4.2.i 

659 

4.47 

0.6470 

4    00 

15 

3    44.5 

4.35 

4.40 

994 

4.42 

0.64.59 

4    14 

16 

2    58.0 

4.30 

4.33 

985 

5.53 

0.7462 

4    27 

17 

3    0:^.0 

4.30 

4.33 

980 

5.36 

0.7389 

4    40 

18 

2    58.3 

4. a? 

4.27 

966 

5.42 

0.7414 

4    50 

19 

3    U1.3 

4.30 

4.33 

980 

5.41 

0.7416 

4    5< 

20 

2    24.0 

4.25 

4.27 

968 

6.71 

0.8.563 

5    12 

21 

2    24.5 

4.20 

4.21 

956 

6.66 

0.8.5«8 

5    21 

22 

2    26.5 

4.25 

4.28 

970 

6.63 

0.8523 

5    28 

23 

2    26.5 

4.20 

4.23 

958 

6.57 

0.8423 

April  6 

9    14 

24 

30    00.0 

4.57 

4.57 

1030 

0.57 

0.1608 

10    52 

25 

14    26.3 

4.37 

4.35 

984 

1.11 

0.2552 

11    25 

26 

9    03.0 

4.. 57 

4.56 

1029 

1.90 

0.3702 

11    39 

27 

5    49.7 

4.20 

4.20 

954 

2.73 

0  4702 

12    07 

28 

4    38.3 

4.50 

4.50 

1016 

3.65 

9.5706 

3    12 

29 

2    09.2 

4.33 

4.38 

988 

7.64 

0.9433 

3    36 

30 

2    14.0 

4.36 

4.37 

990 

7.37 

0.9184 

3    47 

31 

1    52.5 

4.30 

4.33 

980 

8.70 

1.0234 

4    04 

32 

1    28.8 

4  22 

4.25 

964 

10.97 

1.19S3 

4    10 

3:1 

1    30.5 

4!  35 

4.a5 

986 

11.02 

1.2019 

4    19 

31 

1    19.5 

4.22 

4.24 

963 

12.27 

1.2936 

4    32 

35 

1    19  () 

4.26 

4.23 

9-^4 

12.15 

1.2910 

4    41 

36 

1    19.3 

4.29 

4.27 

972 

12  22 

1.2934 

4    48 

137 

1      9.3 

4.10 

4.11 

937 

13'.52 

1.3720 

4    54 

t38 

1      9.1 

4.06 

4.09 

930 

l:i.46 

1.3.515 

5    01 

t39 

1      9.0 

4.08 

4.13 

938 

13.60 

1.3738 

5    07 

+40 

0    59.3 

3  60 

3.53 

819 

13.58 

1..37:« 

5    14 

+41 

0    56.0 

3.80 

3.77 

868 

15.49 

1.4785 

5    21 

142 

1      1.0 

4.00 

4.06 

922 

15.10 

1.4.582 

April  8 

4    20 

43 

I    25.4 

4.20 

4.23 

960 

11.24 

1.2128 

4    29 

44 

1    27.2 

4.20 

4    0'7 

960 

11.01 

1  li)44 

4    41 

45 

1    22.5 

4.20 

4;20 

956 

11.73 

1.2515 

4    49 

46 

1    22.0 

4.14 

4  22 

954 

11.63 

1.2465 

5    01 

+47 

1    13.5 

4  10 

4!l7 

94* 

12.85 

1.3177 

5    08 

+48 

1      9.3 

3.93 

3.97 

904 

13.03 

1.3201 

5    14 

+49 

1      6.i 

3.80 

3.71 

855 

12.91 

1.3179 

5    27 

+.50 

1    12.0 

4.07 

4.13 

9;i6 

13.00 

1.3207 

5    38 

+51 

0    54.5 

3.50 

3.47 

796 

14.60 

1.4149 

5    50 

+52 

0    59.2 

3.82 

3.83 

875 

14.77 

1  4252 

5    59 

+53 

0    52.0 

3.65 

3.64 

834 

16.02 

1..5177 

April  10 

4    25 

+54 

0    50.1 

3.70 

3.58 

828 

16.52 

1..5417 

4    33 

^55 

0    48.5 

3  60 

3.51 

811 

16.72 

1.5495 

4    40 

+56 

0    50.9 

3.70 

3.61 

831 

16.32 

1.5118 

4    54 

+57 

0    50.5 

3.67 

3  &> 

836 

16.55 

1..5395 

5    10 

+58 

0    46.6 

3.55 

3.45 

798 

17.12 

1.S778 

5    18 

+59 

0    47.0 

3.1)0 

3.48 

808 

17.17 

1..57.57 

5    27 

+60 
161 

0    44.2 

3.47 

3.40 

786 

17.78 

1  6063 

5    34 

0    14.0 

3.40 

3.35 

768 

17.45 

1.8176 

fObservations  rejected. 
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PLATE     XV. 
Francis    Formula 
Shorp  crasted  Weir. 
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DISCHARGE     CURVE 

FOR     A 

SHARP  CRESTED  WEIR  2.505  FT.  LONG. 

END  CONTR.ACTIONS  SUPPRF.S.SED; 
HEIGHT  OF  CREST  ABOVE  BEIi  OF  CHANNEL  ,  7  5  FT. 
AND 

COMPARATIVE   DISCHARGE  OVER    WEIR 
BY  DIFFERENT  FOR.MUL.t. 

BAZIN  FOKMll.A      Q=mLH.5gH 
Q=  Discharge  in  ^ubie  feet  per  second. 
\.-  Length  of  crest  in  feet. 
H=  Heatl  ou  crest  in  .feel  measured  from  surface  of  water 

8.0  teet  upstream, 
m  =  Coefficient  of  discharge  derive/!  by  eiperiment  for  each 

.g  =Accelefatioii  dtK  to  gravity. 
HAMILTON  SMITH  FORMULA      y^C^'^iLhi 
C  =Coefficient  of  discharge  taken  from  cur^'es  showing 

relation  of  C  and  L 

h=Obscrved  head  on  cr«st  H  plus  correction  due  to 

A'elocity  of  approKch. 

FRAXCIS  FORMULA:     0=3.3JL|(  H  +  h«  l!-hi  | 

H=Observed  head  on  weir  in  feet 

h»=  Head  dne  to  velocity  of  approach 

DISCHARGE  CURVE  FROM  RESULTS  OF  OBSERVATIONS 
BY  C.  B    STEWART 
ORcprescnti  observat  ins  accepted 
©Represents  observations  rejected 

Equation  of  Curve.     Q=S.MH'"" 
0=  i  .15I.H'"' 
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The  total  rise  of  water  in  the  measuring  basin  being  about 
four  feet  in  each  ease,  and  the  measurement  of  this  rise  being 
correct  within  about  ±.02  feet,  the  percentage  error  of  a  single 
measurement  of  the  volume  probably  did  not  exceed  about  one- 
half  of  one  per  cent.  The  measurement  of  the  time  interval 
was  probably  correct  within  about  one-cjuarter  of  one  per  cent. 

The  range  of  head  on  the  weir,  covered  by  the  experiments 
varied  from  sixteen  hundredths  feet  to  one  and  six-tenths  feet; 
but  it  'was  observed  that  above  one  and  three-tenths  feet  head 
on  the  weir  air  was  drawn  into  the  water  in  the  measuring  basin 
,y  the  falling  sheet  of  water,  and  it  was  necessary  to  reject  ob- 
servations for  heads  on  the  weir  above  this  value. 

The  results  of  the  observations  have  been  platted  on  Plate 
X;V  as  a  discharge  curve,  the  abscissae  being  equal  to  the  dis- 
charg'e  in  cubic  feet  per  second  and  the  ordinates  equal  to  the 
observed  head  in  feet  on  the  crest  of  the  weir.  On  Plate  XVI 
?  logarithmic  discharge  curve  has  been  drawn,  the  absei&sae 
being  equal  to  the  logarithm  of  the  discharge  in  cubic  feet  per 
second,  and  the  ordinates  being  equal  to  the  logarithm  of  the 
observed  head  in  feet  on  the  crest  of  the  weir.  The  center  of  co- 
ordinates of  the  logarithmic  curv^e  corresponds  to  the  discharge 
of  one  cubic  foot  per  second,  and  to  the  observed  head  of  one 
foot  on  the  crest  of  the  weir.  Below  the  logarithmic  value 
corresponding  to  one  and  three-tenths  feet  head  on  the  weir, 
t  \e  results  of  the  observations  as  platted  lie  on  a  straight  line, 
1  lile,  above  this  value  the  platted  points  lie  slightly  below  the 
.  raight  line.  It  is  possible  that  there  may  be  a  gradual  change 
ui  the  laAv  of  flow  over  the  weir  as  the  head  increases  above  one 
and  three-tenths  feet,  yet  the  observed  fact  that  air  was  drawn 
into  the  water  in  the  measuring  basin  for  the  higher  heads  is 
partial  evidence  that  the  law  of  flow  remains  practically  the 
same  for  heads  above  one  and  three-tenths  feet  as  for  heads  be- 
low one  and  three-tenths'  feet.  Assuming  the  straight  line  as 
representing  the  law  of  flow  over  the  weir  as  expressed  by  log- 
arithmic co-ordinates,  the  equation  of  the  line  as  platted  on  Plate 
XVI  Ls : 

Log  Q  =  0.923  +  1.481  log  H 
where  Q  represents  the  discharge  in  cubic  feet  per  si^cond  and 
H  represents  the  observed  head  on  the  crest  of  the  weir.     The 
3— S.  [33] 
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eqnatiou  of  the  correspondiug  curve  using  natural  co-ordinates 
as  platted  on  Plate  XV  is : 

Q  =  8.38  H1-4S1 
or 

Q  .=.  3.35  L  Hi-isi 
where  L  represents  the  length  of  the  crest  of  the  weir  in  feet. 

For  the  purpose  of  comparison  of  the  results  of  this  calibra- 
tion with  the  results  obtained  by  using  the  formulae  of  Francis, 
Bazin  and  Hamilton  Smith,  curves  have  been  dra\^Ti  on  Plate 
XV.  In  addition  Table  VI  has  been  arranged,  giving  the  dis- 
charge for  each  tenth  of  a  foot  head  on  the  weir  from  the  results 
obtained  by  using  the  calibration  c\iT\e  and  by  using  the  various 
formulae. 


T.A.BLE  VI. 

COMP.^RISON  'O?  FLOW  OVER  SH.iRP  CRESTED  WEIR,  2  305  FEET  LONG  BY 
V.ARIODS  FORMULAE,  .AND  ME.\SUREMENTS  OF  FLOW  BY  C.  B.  STEW- 
ART. 


Observed 
Head 

ON 

DiSCHAEGE  IN   CCB)C   FeET   PEE  SECOND. 

Peecentage  Vaeiation  of 
Discharge. 

Weie. 
Ft. 

Francis. 

Bazin. 

H<imiiton 
Smith. 

C.  B.  Stew- 
art. 

Columns 
2  and  5. 

Columns 
3  and  5. 

Columns 
4  and  5. 

1 

3 

3 

4 

5 

6 

7 

8 

.1 

2 

.3..' 

0.26 

.75 

1.37 

2.11 

2.95 

3.88 

4.89 

5.98 

7.14 

8.:^7 

9.66 

11  02 

12.43 

13.91 

15.43 

17.02 

18.69 

0.29 
0.79 
1.43 
2.18 
:^.03 
3.96 
4.96 
6.05 
7.20 
8.44 
9.71 
11.06 
12.45 
13.91 
15.46 
17.04 
18.68 

0.23 
0.78 
1.42 
2.16 
3.02 
3.97 
5.02 
6.16 
7.3s 
8.68 
10.08 
11.51 
13.05 
14.64 
16.30 
18.04 
19.83 
25.60 
48.91 

0.28 

0.77 

1.41 

2.16 

3.00 

3.93 

4.9t 

6.02 

7.16 

8.38 

9.64 

10.98 

12.35 

•13.78 

*li.27 

*16.80 

*18.38 

♦23.38 

*42.62 

-7.1 

-2.8 
-17 
-1.0 
—1.7 
-1.3 
—1.0 
-0.7 
-0.3 
-0.1 
+0.2 
+0.4 
+0.6 
+0.9 
+1.0 
+1.3 
+1.6 

+6.4 
+2.8 
+1.4 
+0.9 
+1.0 
+0.8 
+0.4 
+0  5 
+0.6 
+0.7 
+0.7 
+0.9 
+0  8 
+0.9 
+1.2 
+1.4 
+1.6 

+  0.0 
+  1.0 

+  0.7 

.4 

+  0.0 
+  0.7 

.6 

.7 

.8 

.9 

1.0 

1.1 

1.2 

1  3  . 

+  1.5 
+  1.6 
+  2.3 
+  3.1 
+  3.6 
+  4.6 
+  4.8 
+  5.7 

1.4 

1.5 

+  6.3 
+  6.8 

1.6 

1.7 

2.0 

+  7.4 
+  7.9 
+  9.5 

3  e.. 

+14.7 

"Computed  from  formula  Q  =  3.35  L  H' 
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Columns  Numbers  6,  7  and  8  give  the  percentage  variation 
of  the  results,  by  using  the  various  formulae,  from  the  results 
of  the  writer's  calibration  curve.  It  will  be  observed  that  the 
results  obtained  by  using  the  formulae  of  Francis,  Baziu  and 
the  writer's  calibration  cui-ve  practically  agree,  while  the  re- 
sults by  using  the  formula  of  Hamilton  Smith  are  considerably 
larger.  Tlw"  percentage  excess  resulting  from  using  the  for- 
mula of  Hamilton  Smith,  for  heads  on  the  weir  of  one.  two  and 
three  feet,  amounts  respectively  to  about  five,  ten  and  tifteeu 
per  cent.  The  cause  of  this  comparatively  large  variation  by 
using  the  fomuda  of  Hamilton  Smith  will  be  considered  in  a 
future  Bulletin  on  "Experiments  on  Flow  of  Water  over 
Weirs"  which  is  in  course  of  preparation.  The  close  agree- 
ment of  the  experimental  results  with  the  results  from  using 
the  formulae  of  Francis  and  Baziu  is  evidence  that  the  measure- 
ments of  tlow  were  carefully  made. 

As  a  further  test  of  the  accuracy  of  the  measurements  of  flow, 
a  careful  calibration  was  made  of  the  ten  foot  weir  by  taking 
simultaneous  readings  of  heads  on  the  two  and  one-half  foot 
weirs  and  on  the  ten  foot  weir.  These  readings  were  taken 
during  a  portion  of  the  regular  observations  on  the  submerged 
tubes.  The  comparisons  of  the  individual  measurements  of  flow 
with  the  computed  results,  and  of  the  resulting  calibration  curve 
with  the  theoretical  curves  of  flow  over  the  weir  by  using  the 
formulae  of  Francis,  Bazin  and  Hamilton  Smith,  furnished  an 
approximate  check  on  the  measured  flow  and  a  basis'  for  judg- 
ing of  the  accuracy  of  the  results  of  the  experiment.  The  re- 
sults of  the  calibration  of  the  ten  foot  weir  show  veiy  close  agree- 
ment with  the  computed  results  using  the  formulae  of  Francis. 
Bazin  and  Hamilton  Smith,  ami  will  be  considered  in  the  future 
bulletin  on  weii-s. 

GENERAL  METHOD  OF  l\rAKING  OBSERVATIONS 

The  program  for  observing  was  to  take  the  readings  of  the 
imi)()rtant  hook  gages,  giving  data  for  head  on  the  submerged 
tul)e  and  heads  on  the  two  and  oiic-half  foot  weirs,  simultane- 
ous, and  llic  o11i('i-s  as  ncarlx'  siiiiultancous  with  these  as  neces- 
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saiy  to  give  the  desired  data  as  to  slopes  of  water  surfaces. 
Gages  Nos  2  and  3,  immediately  above  and  below  the  bulkhead 
respectively,  and  giving  data  for  head  on  the  tube,  were  ar- 
ranged so  that  one  person  could  take'  practically  simultaneous 
reading's,  the  eye  glancing  from  one  'water  surface  to  the  other 
while  both  hands  were  free  to  make  the  final  adjustments  with 
the  micrometer  heads.  Gages  Xos'.  5,  6  and  7,  giving  data  for 
heads  on  weirs,  were  read  in  succession  by  one  observer  in  the 
order  named,  as  rapidly  as  possible  without  sacrificing  accur- 
acy, the. time  of  reading  the  three  gages  not  exceeding  about  ten' 
seconds.  Gages  Nos.  1  and  4  were  read  alternately  by  one 
observer. 

The  head  on  the  tube^  being  adjusted  to  the  desired  amount, 
a  marker  was  placed  on  the  rim  of  the  dial  of  the  dial  float  gage, 
and  the  desired  elevation  of  water  surface  in  the  channel  leading 
to  the  submerged  tube  maintained  as  nearly  constant  as  possi- 
ble. For  the  experiments  with  the  submerged  tubes  wdth  lengths 
varying  from  thirty-one  hundredths  feet  to  five  feet,  simultane- 
ous readings  of  gages  Nos.  2,  3,  5,  6,  and  7  were  made  at  inter- 
vals of  two  minutes,  see  table,  page  287,  while  gages  Nos.  1  and 
4  were  read  alternately  with  these  gages.  For  the  experiments, 
with  the  submerged  tubes  of  ten  feet  and  fourteen  feet  lengths,, 
an  additional  hook  gage  was  placed  at  the  lower  end  of  each 
tube  and  designated  as  gage  No.  4'  and  gage  No.  4''  respec- 
tively; readings  were  made  with  these  gages  at  the  two  minute 
intervals,  simultaneous  with  readings  of  gages  Nos.  2,  3,  4,  5,  6 
and  7.  while  gages  Nos.  1  and  4  were  read  alternately  with  these 
gages.  The  observations  were  continued  for  a  period  of  from 
one-half  hour  to  one  hour,  or  until  certain  that  the  average  of 
the  observed  readings  was  within  the  desired  degree  of  accur- 
acy. 

TABULATED  REST^LTS  OF  EXPEEBIENTS  WITPI  SUB- 
MERGED TUBES  4.0  FEET  SQUARE 

The  results  of  the  experiments  were  recorded  in  tabular  form, 
the  experiments  of  each  series  being  accompanied  by  a  sketch 
showing  the  principal  dimensions  of  the  tube,  distances  from  the 
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sides  and  bottom  of  the  channel,  and  the  maximum  and  mini- 
mum distances  from  the  top  of  the  tube  to  the  surface  of  the 
water.  These  tabulated  results  giving  the  details  of  the  experi- 
ments with  observations  at  the  two  minute  intervals,  and  lasting 
about  one-half  hour,  cover  about  one  hundred  pages,  and  were 
considered  too  voluminous  to  be  published.  They  have,  however, 
been  filed  in  the  office  of  the  Department  of  Hydraulic  Engi- 
neering of  the  University,  and  are  accessible  to  any  one  who  de- 
sfires  to  refer  to  the  original  data. 

In  order  to  show  the  character  of  the  original  data,  and  es- 
pecially the  amount  of  the  individual  fluctuations  in  the  w'ater 
surface,  Table  VII  is  given.  Figure  A  shows  the  sketch  to  ac- 
company experiments  Nos.  1  and  6  of  series  No.  5,  experiment 
No.  1,  being  for  a  small  discharge,  and  experiment  No.  6  for 
one  of  the  larger  discharges. 


EXPhRlMKNTS 

WITH 

SUBMERGED  TUBE  4.0  FEET  SQUARE. 

SKETCH  FOR  SERIES  NO.  5, 
EXPtRIMENT  NOS,  1&6, 


GAGE    NUMBERS. 


L==f:- 

: 

.     3'-0     1 

4.0        , 

<   30     , 

END    VIEW. 


LONGITUDINAL    SECTION. 


Figure  A 
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The  leadino's  from  liook  gages  Nos.  1,  2,  3,  and  4,  4'  and  4", 
gave,  when  the  proper  corrections  Avere  applied,  the  elevations 
of  the  water  surfaces  at  the  respective  gages  above  an  assumed 
datmu.  This  reference  plane  of  zero  elevation  was  the  bottom 
of  the  ten  foot  channel  just  above  the  bulkhead  containing  the 
tube.  The  readings  from  hook  gages  Nos.  5.  6  and  7  gave  the 
head&'  on  crests  of  the  respective  weirs  located  in  the  weir  chan- 
nels Nos.  5,  6,  and  7.  These  readings  when  corrected  by  a  cer- 
tain constant,  gave  the  elevation  above  the  reference  plane  of 
the  surface  of  the  water  at  the  points  of  measuring  the  heads  on 
the  weirs.  In  order  to  obtain  the  fall  in  the  water  surface  be- 
tween the  points  of  the  respective  gages,  it  was  necessary  to  use 
simultaneous  observations  taken  at  the  respective  points  con- 
sidered. Thus  to  obtain  the  fall  in  the  water  surface  between 
gages  Nos.  1  and  2  (see  Table  VII),  it  will  be  observed  that  the 
readings  of  gage  No.  1  were  taken  simultaneous  with  those  of 
gage  No.  2,  which  correspond  with  the  odd  numbers  1,  3,  5, 
etc.  The  fall,  computed  from  each  individual  pair  of  obser- 
vations, has  been  tabulated  under  the  column  "Fall,  (gage  No. 
1 — gage  No.  2. )  "  The  average  fall  between  gages  Nos.  1  and 
2  during  the  set  of  readings  corresponding  to  any  experiment 
number  was  obtained  by  taking  the  average  of  the  individual 
values  in  this  column.  The  average  of  the  observations  at  gage 
Number  2  which  were  taken  simultaneously  with  the  observa- 
tions at  gage  Number  1  have  been  designated  in  the  summary 
below  the  table  as  "Average  of  readings  Nos.  1,  3,  5,  etc."  The 
difference  of  the  average  of  the  simultaneous  readings  at  the  two 
gages  should  agree  with  the  average  of  the  individual  differ- 
ences of  gage  readings  and  furnished  a  checlc  on  the  arithmetical 
work. 

For  the  fall  in  the  water  surface  between  gages  Nos.  2  and 
3,  each  of  the  pains  of  obs'er\^ations  were  simultaneous,  and  the 
differences  of  the  readings  have  been  recorded;  for  the  short 
tubes.  Series  Nos.  1  to  5  inclusive,  as  "Observed  head,  h',  on 
tube."  The  average  elevations  of  water  surfaces  at  these  gages 
were  determined  from  the  values'  designated  in  the  summary  be- 
low the  table  as  "Average  of  all  readings." 

For  the  fall  in  the  water  surfaces  between  gages  Nos.  3  and 
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4,  the  readings  of  gage  No.  3.  which  were  simultaneous  with  the 
readings  of  gage  No.  4.  correspond  with  the  even  number's  2,  4, 
6,  etc.  For  determining  the  average  of  the  readings  of  gage 
No.  3  to  be  used  in  connection  with  the  average  of  the  readings 
of  gage  No.  4,  the  term  "Average  of  readings  Nos.  2,  4,  6,  etc." 
was  used. 


SUHOIARY   SHEET,    SHOWING   RESULTS   OF   EXPERI- 
MENTS WITH  SUBMERGED  TUBES  4.0  FEET 
SQUARE 

In  the  preliminary  computations  of  the  results  of  the  experi- 
ments, the  head  due  to  velocity  of  approach  to  the  tube  was 
neglected,  and  the  observed  head  on  the  tube,  termed  h',  was 
taken  as  the  difference  of  level  between  the  surface  of  the  water 
just  above  the  bulkhead  containing  the  submerged  tube  and  the 
surface  of  the  water  at  the  outlet  of  the  tube.  (See  discu&sion, 
page  319).  For  the  tubes  of  lengths  from  thirty-one  hundredths 
feet  to  five  feet,  the  observed  head,  h',  has  been  taken  as  the  fall 
in  water  surface  from  gage  No.  2  to  gage  No.  3.  While  for  the 
tubes  of  ten  and  fourteen  feet  lengths,  the  observed  head,  h',  has 
been  taken  as  the  "Fall,  (gage  No.  2 — gage  No.  3).'''  plus  the 
fall  of  the  water  surface  from  gage  No.  3  to  the  end  of  the  tube. 

In  some  of  the  experiments'  the  gage  at  the  lower  end  of  the 
tube  was  not  read,  and  in  order  to  determine  the  fall  of  water 
surface  from  gage  No.  3  to  the  lower  end  of  the  tube,  curves 
of  fall  were  platted  from  the  data  taken.  The  observations  giv- 
ing the  fall  of  the  water  surface  from  gage  No.  3  to  the  end  of 
the  tube,  or  "Fall  (gage  No.  3— gage  No.  4')"  and  "Fall, 
(gage  No.  3 — gage  No.  4")"  have  been  platted  on  Plate  XVII 
and  cun-es  drawn  which  showed  the  relation  of  fall  in  water 
surface  to  discharge.  In  determining  the  fall  in  the  water  sur- 
face from  gage  No.  3  to  the  end  of  the  tube,  to  he  used  in  the 
computations,  valiu's  from  these  curves  were  used  in  prefer- 
ence to  observed  fall,  as  it  was  considered  that  the  results  would 
be  more  uniform.  The  observed  head  obtained  by  adding  these 
values  to  llie  "Fall,  (gage  No.  2— gage  No.  3)  "  'was  termed  h". 
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Table  VIII,  preceding,  is  a  summary  sheet,  showing  the  re- 
sults of  the  experiments  collected  for  reference.  The  greater 
portion  of  the  table  will  be  intelligible  from  the  headings  of 
the  several  columns  without  further  explanation.  The  eleva- 
tions of  the  water  surfaces  at  the  various  gages  is  refeiTed  to  a 
connnon  datum.  The  plane  of  zero  elevation  being  the  bottom 
of  the  channel  just  above  the  bulkhead  containing  the  submerged 
tube.  The  average  fall  in  the  water  surface  between  the  vari- 
ous gages  is  given  in  columns  8  to  13  inclusive.  Negative  val- 
ues for  fall  represent  a  rise  or  increase  of  elevation  of  the  water 
surface.  Column  13  gives  the  fall  in  water  surface  from  gage 
No.  3  to  the  lower  end  of  the  tube,  the  values  being  taken  from 
Plate  XVII.  Columns  14  and  15  give  values  of  the  average 
observed  head,  h'  or  h".  on  the  tube.  Column  16  gives  the  dis- 
charge through  the  tube  and  was  determined  from  readings  of 
heads  on  the  three,  two  and  one-half  foot  weirs.  Columns  17 
and  18  give  values  of  the  coefficient  of  discharge,  C,  computed 
by  using  the  heads,  h'  and  h",  respectively.  For  the  tubes  of 
length  from  thirty-one  hundredths  to  five  feet  inclusive,  values 
of  the  observed  head,  h'.  column  9  to  14.  have  been  used  for 
■computing  the  values  of  C.  For  the  tubes  often  and  fourteen 
feet  length,  values  of  C  have  been  computed  by  using  values  of 
both  h'  and  h",  (columns  14  and  15  respectively.)  where  data 
are  available,  for  purposes  of  comparison.  For  the  platting  of 
cui'ves  preference  has  been  given  to  the  values  of  C  as  com- 
puted by  using  values  of  h".  These  values'  of  the  coefficient  of 
discharge  represent  the  ratio  of  the  average  velocity  in  the 
cross-sectional  area  of  the  tube  to  the.  velocity  due  the  head  on 
the  tube. 
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CURVES   SHOWING  AVERAGE   RESULTS  OF   EXPERI- 
MENTS WITH  SUB.AIERGED  TUBES    4.0  FEET 
SQUARE 

Effect  of  Changing  the  Length  of  Tubes 

1.  Entrinicc,  Square  Corners  icitJi  fuJI  Contraction,: — The 
results  of  the  experiments  on  the  submerged  tubes  of  various 
lengths  and  having-  entrance  square  comers  are  illustrated  by 
Plates  XVIII  and  XIX.  Plate  XVIII  shows  the  rela- 
tion of  discharge  through  the  tubes  to  the  loss  of  head,  the  max- 
imum discharge  being  about  fifty  cubic  feet  per  second  and  the 
corresponding  maxinuim  loss  of  head  about  four-tenths  of  a 
foot.  Each  point  as  platted  represents  the  result  of  an  experi- 
ment lasting  about  one-half  hour,  the  data  being  taken  directly 
from  the  Summary  Sheet,  Table  VIII.  For  a  given  discharge 
the  loss  of  head  decreases  as  the  length  of  tube  increases,  this 
law  continuing  until  the  length  of  the  tube  equals  about  four- 
teen feet  or  about  three  and  one-half  times  the  length  of  the 
side  of  the  square  cross-section  of  the  tube.  The  curve  repre- 
senting the   velocitv   head,  '^I       for   various   rates   of   discharge 

has  also  been  drawn  for  the  purpose  of  comparison.  Plate  XIX 
shows  the  relation  of  the  coefficient  of  discharge  to  the  loss  of 
head  for  the  various  lengths  of  tubes.  Each  of  the  platted 
points  represented  by  a  circle  is  the  result  of  a  single  experi- 
ment lasting  about  one-half  hour,  while  the  points  represented 
by  heavy  dots  ' ' ,  ",  three  for  each  curve,  represent  computed 
values  of  the  coefficient  of  discharge  obtained  by  taking  dis- 
charge and  loss  of  head  from  the  average  curves  of  Plate  XVIII. 
These  latter  points  were  given  considerable  weight  in  adjust- 
ing the  curves  as  they  represented  average  conditions  with  ob- 
servational  errors   reduced  to   a  mininnim. 
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2.  Entrance,  Contraction  Suppressed  on  Bottom,  Two  Sides 
and  Top: — The  results  of  the  experiments  under  the  conditions 
stated  and  having  the  various  lengths  of  tubes'  are  shown  on 
Plates  XX  and  XXI.  Plate  XX  shows  the  relation  of  dis- 
charge through  the  tubes  to  the  loas  of  head.  For  a  given  dis- 
charge the  loss  of  head  increases  with  the  length  of  tube.  This 
evidently  results  from  the  stream  entering  the  tube  without  con- 
traction and  the  friction  on  the  sides  of  the  tube  producing 
the  increase  in  loss  of  head  as  the  length  of  tube  increases. 
Plate  XXI  shows  the  relation  of  the  coefficient  of  discharge  to 
the  loss  of  head  for  the  various  lengths  of  tubes.  In  general 
the  coefficient  of  discharge  decreases  as  the  length  of  the  tube 
increases. 


Effect  of  ]\roDiFYiNG  Entrance  Conditions  of  Tubes 

Plates  XXII,  XXIII,  XIV,  XXV,  and  XXVI  show  the  re- 
lation of  discharge  to  loss  of  head  for  the  length  of  tubes  0.31, 
2.50,  5.00,  10.00  and  14.00  feet,  respectively,  each  length  ha\dng 
the  various  entrance  conditions  Specified  by  the  subscripts  a, 
b,  c  and  d  as  explained  on  each  plate.  Corresponding  to  each 
of  these  plates  showing  the  loss  of  head  for  the  various  lengths 
and  under  various  entrajice  conditions,  Plates  XXVII  to  XXXI, 
inclusive,  have  been  drawn  showing  the  relation  of  the  coefilcient 
of  discharge  to  loss  of  head.  The  data  for  the  platting  of  the 
curves'  has  been  taken  directly  from  the  summary  sheet.  Table 
VIII.  From  the  results  of  the  experiments  as  represented  by 
the  average  curves.  Tables  IX  and  X  have  been  arranged  giving 
the  results  in  more  convenient  form.  Table  IX  gives  the  loss 
of  head  in  feet  for  the  various  lengths  of  tubes,  rates  of  dis- 
charge and  forms  of  entrance  and  outlet  used.  The  coefficients 
of  discharge,  termed  "Preliminaiy  value  of  coefficient  of  dis- 
charge." Table  X,  are  results  from  using  the  obsen'ed  head  on 
the  tube,  no  corrections  being  made  for  velocity  of  approach. 
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TABLE  IX. 

L03S  OF  HEAD  FOR  FLOW  THROUGH  HORIZONTAL  SUBMERGED  TUBE, 
4.0  FEET  SQUARE,  FOR  VARIOUS  LENGTHS,  RATES  OF  DISCHARGE 
AND  FORMS  OF  ENTR.INCE  AND  OUTLET. 


Forms  of 

entrance 

and  outlet. 

Length 

OF  ToBE  IN  Feet. 

Rate  of 

discharge, 

cu.  ft.  per 

sec. 

.31 

0.62 

1.25 

2.50 

5.00 

10.0 

14.0 

Loss  of  Heac 

in  Feet. 

10 

Square  corners 
a 
b 
c 
c' 
d 

.017 
.015 
.011 
.009 

.014 

.013 

.010 
.010 
.010 
.010 

.008 
.008 
.008 
.007 

.008 

■.ooi" 

.007 
.007 
.007 

.007 
.007 

.007 

.007 

.007 

.007 

20 

Square  corners, 
a 
b 
c 
c' 
d 

.063 
.057 
.048 
.035 

.058 

0.55 


.044 
.045 
.044 
.044 

.038 
.037 
.033 
.029 

.034 

.032 
.031 
.030 
.029 

.029 

.027 

.027 

.025 

.026 

.026 

30 

Square  corners. 
a 
b 
c 
c' 
d 

.U6 
.136 
.117 
.092 

";662' 

.137 

.130 

.108 
.114 
.108 
.108 

"cei" 

.093 
.092 
.087 
.079 

'"".'065  ' 

.088 
"o!6.5'" 

.085 
.084 

.082 

.077 
.082 
.065 

40 

Square  corners 
a 
b 
c 
c' 
d 

.2.57 
.2.39 
.210 
.164 

.241 

.228 

.189 
.200 
.189 
.189 

.166 
.164 
.157 
.140 

.158 

.1.55 
.150 

.145 

.138 

.140 

.112 

.115 

.121 

.122 

.122 

50 

Square  corners. 
a 
b 
c 
c  ■ 
d 

.389 
.370 
.312 
241 

.359 

.335 

.277 
.292 
.277 

.277 

.247 
.244 
.234 
.210 

.233 

.227 
221 

.213 

.201 
.217 

.166 

.176 

.184 

.18t 

.184 
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TABLE  X. 

PRELIMINARY  VALUES  OF  THE  "  COEFFICIENT  OF  DISCHARGE"  FOR  FLOW 
THROQGH  HORIZONTAL  SUBMERGED  TUBE,  4.0  FEET  SQUARE,  FOR 
VARIOUS  LENGTHS,  LOSSES  OF  HEAD,  AND  FORMS  OF  ENTRANCE  AND 
OUTLET:  (RESULTS  TAKEN  FROM  CURVES  PLATTED  ON  PLATES  XXVII 
-XXXI)  HEAD  DUE  TO  VELOCITY  OF  APPROACH  TO  TUBE  NEGLECTED 
IN  COMPUTATION. 


Forms  of 

entrance  and 

outlet. 

Length  of  Tdbe  in  Feet. 

Loss  of 
head,  h, 
in  feet. 

0.31 

0.62 

1.25        2.50 

5.00 

10.0 

14.0 

Values  of  the  Coefficient,  C. 

.05 

Square  corners, 
a 
b 
c 
c' 
d 

.631 
.672 
.740 
.834 

,650 

.672 

.769 
.742 
.769 
.769 

.943" 

.807 
.810 
.832 

.875 

"".'940" 

.824 
■"927" 

.838 
.848 

.862 

.890 

.875 

.948 

.931 

.10 

Square  corners, 
a 
b 
c 
c' 
d 

.611 

.636 
.685 
.772 

"!932" 

.631 

.647 

.718 
.698 
.718 
.718 

"igii 

./63 
.771 

.791 
.828 

"".'899'" 

.780 

.795 
.801 

.813 

.841 

.830 

.893 

.15 

Square  corners, 
a 
b 
c 
c 
d 

.609 
.630 
.677 
.765 

.628 

.644 

.708 
.689 
.708 
.708 

.758 
.767 

.787 
.828 

.779 

.794 
.803 
.814 

.839 

.829 

.936 

.910 

.899 

.893 

.894 

.20 

.Square  corners, 
a 
b 
c 
c 
d 

.609 
.632 
.678 
.771 

.630 

.647 

.711 
.694 
.711 
.711 

.768 
.777 
.796 
.838 

.794 

.809 
.819 

.833 

.856 

.846 

.948 

.923 

.911 

.906 

.905 

.25 

Square  corners. 
a 
b 
c 
c' 
d 

.610 
.634 
.683 
.779 

.634 

.6,52 

.720 
.705 
.720 
.720 

.782 
.790 
.809 
.854 

.812 

.828 

.965 

.938 

.928 

.30 

Square  corners, 
a 
b 
c 
c' 
d 

.614 
.639 
.689 
.788 

.639 

.660 

.731 

.796 

.832 

.850 

.980 
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CONCLUSIONS  AND  DISCUSSION  OF  RESULTS  OF 

EXPERIMENTS  WITH  SUBMERGED  TUBES 

4.0  FEET  SQUARE 

For  convenience  of  reference  the  synil)ols  used  in  the  dis- 
cussion, are  collected  and  explained. 

A  =  Cross-sectional  area  of  stream  in  channel  of  approach, 
a  =:  Cros&'-sectional  area  of  submerged  tube, 
L  =:Length  of  tube. 

D  =:Length  of  side  of  square  cross-section  of  tube, 
g  =Acceleration  due  to  gravity. 
Q  =  Discharge  in  unit  time. 

V   =  Average  velocity  in  cross-sectional  area,  "a." 
h=Effective  head  on  the  submerged  tube,  equal  to  observed 

head  plus  head  due  to  velocity  of  approach, 
h' =  Obsers^ed  head,  equal  to  fall,   (gage  No.  2— gage  No.  3) 

plus  observed  fall,  gage  No.  3  to  lower  end  of  tube. 

(See  remarks,  page  290.) 
h"=:Observed  head,  equal  to  fall,    (gage  No.   2-gage  No.   3) 

plus  fall,  gage  No.  3.  to  lower  end  of  tube,  (as  estimated 

from  curve  of  faU,  Plate  XVII). 
C  ^Coefficient  of  Discharge,  as  computed  from  the  general 

formula  Q  =  CaV2gh,  being  equal  to    the    ratio    of 

the  average  velocity  in  the  cross-sectional  area  of  the 

tube,  to  the  velocity  due  the  head. 

1  V* 

m  =:  -_   =:Coefficient  of  loss,  in  formula,  h^m--- 
C»  2g 

In  the  preLiiiiinary  computations  of  results  of  the  experi- 
ments it  was  thought  best  to  neglect  the  head  due  to  the  velocity 
of  approach  to  the  tube,  for  the  reason  that  the  cross-sections 
of  the  stream  in  the  channel  of  approach  immediately  above  the 
entrajice  and  jii.st  below  the  outlet  of  the  tube  were  practically 
the  same.  The  observed  head,  h'  or  h",  Avas  taken  as  the  dif- 
ference of  level  between  the  surface  of  water  just  above  the  bulk- 
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head  containing  the  submerged  tube  and  the  surface  of  the 
■water  at  the  outlet  of  the  tube.  In  the  computation  and  plat- 
ting of  curves  for  determining  the  results  of  the  experiments, 
the  coefficients  of  discharge  have  been  computed  by  using  this 
observed  head.  Subsequently  it  was  thought  best  to  include  the 
head  due  to  the  velocity  of  approach  to  the  tube,  as  a  part  of  the 
ajctual  head  on  the  tube.  The  water  surrounding  the  outlet  of 
the  tube  was  neaiiy  quiet,  there  beting  only  slight  currents  up 
stream  near  the  surface  of  the  water  and  near  the  sides  of  the 
channel,  and  slight  currents  down  stream  along  the  side  of  the 
tube.  The  velocity  head  from  these  currents  was  practically 
zero.  The  including  of  the  head  resulting  from  the  velocity  in 
the  channel  of  approach  seems  necessary,  therefore,  in  order  to 
give  the  effective  head  or  the  actual  difference  of  hydrostatic 
pressure  in  feet  of  water  between  the  inlet  and  outlet  of  the 
tube.  The  velocity  of  approach  varied  from  about  one-quarter 
of  a  foot  to  one-half  foot  per  second  and  the  resulting  velocity 
head  from  about  one  thousandth  to  five  thousandths  of  a  foot. 
The  effect  on  the  coefficient  of  discharge  was  a  variation  of 
from  one-third  of  one  per  cent,  to  about  one  and  one-half  per 
cent.  The  corrected  or  final  values  of  the  coefficients  of  .dis- 
charge are  given  in  Table  XI,  determined  by  using  the  formula: 
C  (computed  by  using  the  effective  head,  h)  equals  C  (com- 
puted by  using  the  observed  head,  h'  or  h")  multiplied  by 

1 


A- 
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TABLE  XI. 

FINAL     VALUE     OF     TSE     •COEFFICIEXr     OF    DISCHARGE"     FOR    FLOW 
..      THROUGH    HORIZONTAL    SUBMERGED     TUBE    4.0    FEET    SQUARE,    FOR 
VARIOUS  LKNGTHS.  LOSSES  OF  HF.\D  AND    FORviS   OF   ENTRA.NCR   AND 
OUTLET;    HE\D    DUE   TO    VELOCITY    Ot<^   AP.KOACH   TO   TUBE   CONSID- 
ERED IN  COMPUl'ATION. 


'Forms  o 

entrance 

aijd  outlet. 

Length  of  Tobe in  Feet. 

Loss  of 
head,  h, 
in  feet. 

0.31 

0.62 

1.25 

2  30          5.00          10.0 

1 

14.0 

Values  of  the  Coefficient,  C. 

.05 

Square  corners 
a 
b 
c 

0.' 

d 

.626 
.666 
.7.S3 
.823 

".93  J 

.645 

.666 

.761 
.735 
.761 
.761 

.797 
.801 
.822 
863 

.814 

.828 
837 

851 

.877 
873 

.928 

.925 

.913 

917 

.10 

Square  eorners. 
a 
b 
c 
c 
d 

.608 
.631 
.679 
.764 

■"!919 

6.26 

.642 

.712 
.692 
.712 
.712 

'"!899  " 

.755 
.76! 
.783 
.818 

"".'887' 

.772 
.   . 

'!880" 

.786 
.792 
804 

831 

.820 
.881 

.15 

Square  corners 
a 
b 
c 
c 
d 

.605 
.626 
.672 
.758 

.624 

.639 

.702 

.702 
.702 

.751 
.760 
.779 
.8  9 

.771 

.786 
795 

.  . 

805 

.8.S0 
820 

.924 

.898 

.888 

.882 

.883 

Square  corners, 
a 
b 


.673 
.761 


Square  corners, 
a 
b 


.606 
.630 
.678 
.772 


.9)3 


.626 


.630 


.612 


,705 


.705 
.705 


.911 


.761 
.770 


.829 
.900' 


.64« 


.714 
.70  J 
.714 
.714 


.926 


.  1 1^ 
.783 
.801 
.845 


.786 


.895 


.804 


.801 
.811 
.824 
.846 
.837 
.894 


.820 


.30 


Square  corners, 
a 
b 


.618 
.63i 
.681 
.781 


.968 


.635 


.656 


.725 


789 


.824 


.841 


'  See  page  322  for  explanation  of  forms  of  entrance  and  outlet. 
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FORMS  OF  ENTRANCE  AND  OUTLET  USED  FOR  TUBES. 

Squara  corners  :— Entrance  :  all  corners,  90°. 

Outlet:  tub?  projecting  into  water  on  down  stream  side  of  bulkhead, 
a: — Entrance:  contraction  suppiessed  on  bottom. 

Outlet:  tube  projecting  into  water  on  down  stream  side  of  bulkhead, 
b:— Entrance:  contraction  suppressed  on  bottom  and  one  side. 

Outlet:  tube  projecting   into  water  on  down  stream  side  of  bulkhead, 
c:— Entrance:  contraction  suppressed  on  bottom  and  two  sides. 

Outlet:  tuba  projjcting  into  water  on  down  stream  side  of  bulkhead. 
c  : — Entrance  :  contraction  suppressed  on  bottom  and  two  sides. 

Outlet:  square  corners  with  bulkhead  to  sides  of  channel  preventing 
the  return  current  along  the  sides  of  the  tube, 
d:— Entrance:  contraction  suppressed  on  bottom,  two  sides  and  top. 

Outlet:   tube  projecting  into  water  on  downstream  side  of  bulkhead. 


In  order  to  show  more  plainly  the  results  of  the  successive 
modifications  of  length  of  tube  and  form  of  entrance  and  out- 
let used.  Plates  XXXII  and  XXXIII  have  been  arranged  from 
the  data  given  in  Table  X.  Plate  XXXII  shows  the  relation  of 
the  coefficient  of  discharge  to  head  for  each  of  the  lengths  of 
tube  used  and  for  the  various  entrance  conditions.  For  each 
length  of  tube,  it  is  seen  that  the  coefficient  of  discharge  first  de- 
creases and  then  increases  as  the  head  increases.  The  minimum 
values  of  C  occur  for  a  head  on  the  tube  of  from  0.10  to  0.15 
feet,  while  the  corresponding  average  velocity  through  the 
tube,  given  by  the  formula,  v=CV2gh,  varies  from  2.0  to 
2.5  feet  per  second,  the  smaller  value  being  for  the  entrance 
condition  square  comers  (see  values  of  v  marked  on  Plate 
XXXII).  The  experimental  evidence  (see  also  Plates  XXVII 
to  XXXI)  seems  to  be  that  the  coefficient  of  discharge  equals 
imity  for  a  zero  head  for  each  of  the  lengths  of  tube  and  forms 
of  entrance  iLsed.  For  the  short  tube.  Series  No.  1.  length  thir- 
ty-one hundredths  feet  with  entrance  square  comers,  the  co- 
efficient of  discharge  was  very  nearly  constant  for  the  range  of 
heads  five  hundredths  feet  to  four-tenths  feet,  (See  Plate 
XXVII),  while  for  the  same  tube  with  the  contraction  at  en- 
trance partially  and  wholly  suppressed,  there  was  a  marked  in- 
crease in  the  coefficient  of  discharge  as  the  head  increased  above 
fiftfen-hundrcdtlis  feet.  The  range  of  head  obtaina])le,  how- 
ever, wfus  not  sufficient  to  dt'tcrmlne  the  slope  of  tlic  curve  for 

[74] 


.15  .20 

•.TH=  10.0  TEET. 


■NTS  WITH  SUBMERGED  TUBES  4.0  FT.  SQUARE. 

AT    THE 

UNIVERSITY    OF    WISCONSIN. 

CURVES  SHOWING  THE  EFFECT  OF  MODIFYING 
ENTRANCE  CONDITIONS  AND  tJF 
CHANGING  THE  LENGTH  OF  TUBES. 
forms  of  entrance  and  oitlet 
sqi:are  corners,  entrance,  all  corners  boT 

a.  ENTRANCE,  CONTRACTION  SIPPRES.-;En  OS  BOTTOM. 
b  .  ENTRANCE.  CO.NTRACTION  SUPPRESSED  ON  BOTTOM 

AND  ONE  SIDE. 
C  .  ENTRA.NCK.  CONTRACTION  SOPPRESSED  ON  BOTTOM 

AND  TWO  SIDE. 
O';  "ENTRANCE.  CONTRACTION  SUPPRE.SSED  ON  BOTTOM 
A.ND  TWO  SIDES. 

OUTLET,  SQIARE  CORNERS  WITi'i  BULKHEAD  TO 
SIDES  OF  CHA.S-NEL. 
d  :_  ENTRA.NCE.  CONTRACTION  SUPPRF-SSEI)  ON  BOTTOM 
TV^O  SIDES  ANT)  TOP. 
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heads  above  about  three-tenths  feet.  l)nt  it  is  probable  that  for 
heads  above  this  value  the  curve  reverses  slightly  and  gradually 
becomes  horizontal.^ 

The  effect  of  modifying  the  entrance  condition  of  the  tube  for 
the  various  lengths  is  shown  by  the  curves  mai^^ed  by  the  sub- 
scripts, a,  b.  e,  c'  and  d.  Each  of  the  respective  forms  of 
approach  for  the  lengths  of  tubes  used,  has  a  minimum  value 
of  the  coefficient  of  discharge  corresponding  to  a  head  on  the 
tube  of  from  one-tenth  to  fifteen-hundredths  of  a  foot. 

Plate  XXXIII  has  been  arranged  to  show  the  relation  of  the 
minimum  coefficient  of  discharge,  assumed  as  occurring  at  the 
head  of  fifteen-hundredths  feet,  to  the  length  of  tube  for  each 
of  the  forms  of  entrance.  For  the  tubes  having  entrance  square 
corners,  the  coefficient  of  discharge  increases  at  first  almost 
directly  as  the  length  of  the  tube  increases,  then  at  a  gradually 
decreasing  rate  until  a  length  of  tube  of  about  three  to  three 
and  one-half  times  the  side  of  the  square  cross-section  has  been 
reached.  This  increase  of  coefficient  of  discharge,  as  the  length 
of  tube  increases,  evidently  results  from  the  stream  inside  the 
tube  acting  somewhat  as  a  stream  inside  of  a  diverging  tube. 
For  a  submerged  orifice  ha\nng  entrance  square  comere,  the 
cross-sectional  area  of  the  stream  gradually  decreases,  after 
leaving  the  plane  of  the  orifice,  until  some  minimum  area  has 
been  reached.  This  stream  flowing  through  cpiet  water  tends 
to  conmiunicate  motion  to  the  adjoining  water  and  to  cause  it 
to  move  in  the  same  direction.  When  the  submerged  orifice 
takes  the  form  of  a  submerged  tube  with  the  stream  flowing 
through  it,  the  results  of  the  transmission  of  motion  to  the  ad- 
joining water  is  to  cause  a  current  up  stream  inside  of  the  tube 
at  its  edges,  to  take  the  place  of  the  (luiet  water  removed.  Fig- 
ure I  shows  the  results  of  observations  made  to  locate  the  up 
stream  currents,  with  the  tubes  one  and  one-quarter  and  two 
and  one-half  feet  long.  A  white  string  about  five  inches  long 
was  tied  to  the  end  of  a  stick  and  placed  at  the  outet  of  the 
tube;  then  by  means  of   an   incandescent  electric  light,   which 


'  The  rpsilt  of  an  incrcaso  in  ooefHcient  of  disohargp  as  the  head  increases  and 
the  curve  heroines  hoi-i/,(iiii;il  was  obtained  hy  Mr.  .].  H.  I'l-aiicis  in  his  experi- 
ments with  suhinorKerj  tubes  and  orifices,  tiie  orifice  havin^r  a  diameter  of  one- 
tenth  foot  with  a  curved  approacli  of  tlie  cycloidal  form.  See  "Lowell  Hydraulic 
Experiments,"  nage  218,  Experiment  Nos.  1-18. 
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Avas  lowered  under  the  water,  it  Avas  observed  that  tlie  current 
was  up  stream  in  the  portions  of  the  outlet  end  of  the  tube, 
as  shown  in  the  figure.  The  influence  of  the  force  of  gravity 
on  the  shape  of  the  stream  was  shown  by  the  current  being 
up  stream  only  at  the  top  of  the  tube.  "With  the  tube  one  and 
one-quarter  feet  long  and  having  entrance  square  comers,  the 
current  was  up  stream  throughout  the  entire  width  at  the  top 
of  the  tube.  The  depth  in  the  tube  to  which  the  current  uj) 
stream  extended  was   about    one    inch    at   the    center  and  four 
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SKETCH  SHOWING 

LOCATION  OF  UPSTREAM  CuaHENTS 

IN  SUBMERGED  TUBES. 

<J=29,   Sis. 
<?=.♦«,    S=3. 


ENTRANCE;  S<}UARE   CORNERS 
LENGTH=I.25  FEET. 


CIJBRErff    UP~yrjlEAM. 


-^ 


Quiet  water. 


-^^J-- 


ENTRANCE;  SQUARE   CORNERS 
LENCTH=2.50FEET. 


^URRENT  UP  STREAM. 

/.',"■  '.'/// 

T 

FIGURE  I. 


ENTRANCE.  CONTRACTION    SUPPRESSED    ON 

BOTTOM   AND  TWO  SIDES. 

LENGTM52.50    FEET. 


inches  at  the  cornel's.  As  the  length  of  the  tube  Avas  increased 
to  two  and  one-half  feet,  entrance  having  square  corners,  the 
tube  became  more  nearly  filled,  the  current  up  stream  only  oc- 
curring at  the  upper  corners  as  shown.  The  distance  marked 
S,  Figure  I,  decreased  from  five  inches  to  three  inches  as  the 
discharge  increased  from  twenty-five  to  forty-four  cubic  feet  per 
second.  The  effective  area  for  discharge  at  the  outlet  end  of 
the  tube  was  therefore  increased  by  increasing  the  length  of 
the  tube,  and  also  for  any  one  length  by  increasing  the  head  on 
the  tube.  When  the  length  of  the  tube  became  about  five  feet, 
the  entii-e  outlet  end  of  the  tube  became  filled  by  the  emerging 
stream  and  conditions  existed  for  the  forming  of  a  region  inside 
the  tube  having  a  less  hydrostatic  pressure  than  the  normal 
pressure  due  Ihc  depth  of  water.     No  readings'  of  this  pressure 
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^=LENGTH  OF  TUBE   DIVIDED  BY  LENGTH  OF  SIDE  OF  SQUARE.      PLATE     XXXIIl. 
O.S  1.0  1.5  2.0  2.5  3.0  3.5 
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insitle  the  tube  were  taken,  but  it  is  intended  to  do  so  before 
completing  the  final  experimental  data  on  submerged  tubes. 
As  the  length  of  tube  increased  to  fourteen  feet,  a  point  was 
finally  reached  where  the  advantage  from  the  decrease  of  pres- 
sure inside  the  tube  was  balanced  by  the  loss  from  friction  along 
the  side  of  the  tube. 

For  the  tubes  having  the  contraction  at  entrance  entirely 
suppressed  (Series  Nos.  Id  to  7d.  Plate  XXXIII),  the  coeffi- 
cient of  discharge  decreases  gradually  as  the  length  of  tube 
increases.  This  evidently  results  from  the  stream  entering  the 
tube  without  contraction,  and  the  friction  on  the  sides  of  the 
tube  producing  an  increase  in  loss  of  head  as  the  length  of  the 
tube  increases. 

The  effect  on  the  coefficient  of  discharge  of  the  partial  sup- 
pression of  contraction  at  entrance,  Plate  XXXIII,  was  very 
similar   for  the  short  tubes'    having    a    length    of    thirty-one 

hundredtlis  feet,  (-  =  .07)  and  for  tubes  whose  length  exceeds 

about  five  feet,     {'=l.2oj.      Table   XII   shows  a  comparison 

of  results  of  the  partial  suppression  of  contraction  for  the  tubes 

TABLE  xn. 

COMPARISON  OF  THE  RKSULTS   OP    PxRTUL   SUPPRESSIOV    OF   TON  TRAC- 
TION,  FOR  SHORT  AND  LONG  TDBES;  HE\D  0\    I'LkEt^O  15  Fl'. 
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of  lengtlis  thirty-one  huudredths  and  fourteen  feet.  The  table 
shows  that  for  corresponding  entrance  conditions,  the  increase 
of  C  for  the  short  tubes  is  about  3.43  times  greater  than  the 
increase  of  C  for  the  long  tubes.  The  results  of 
using  the  entrance  conditions,  a.  b.  c  and  d  for  these  lengths  of 
tubes  amount  respectively  to  an  increase  in  the  co- 
efficient of  discharge  of  about  8.  21,  46  and  100  per  cent,  of 
the  increase  which  would  result  from  having  complete  sup- 
pression of  contraction.  The  numbers.  5.5,  22.  49.5  and  88. 
vary  directly  as  the  square  of  the  number  of  sides.  1.  2.  3  and 
4,  on  which  the  contraction  was  suppressed.  The  effect  of 
the  suppression  of  contraction,  thus  varied  practically  as  the 
square  of  the  number  of  sides  corresponding  to  the  entrance 
conditions  a,  b,  c  and  d.  on  which  the  suppression  of  contrac- 
tion occurred.  Taking  x  as  representing  the  number  of  sides 
on  which  the  suppression  of  contraction  occurs,  and  noting  that 
the  order  in  which  the  suppression  was  made  is  represented  by 
the  entrance  conditions,  a,  b.  c  and  d:  the  following  equations 
give  the  minimum  values  of  C,  corresponding  to  a  head  of  about 
0.15  feet,  within  about  two  per  cent. : 

For  g  =  0.1;  C  =  .605  +  .019x- 
For  Jj  =  3.0;   C  =    7SG  -f-  .OOoox- 

For  the  tubes  having  a  length  of  two  and  one-half  feet,  the 
result  of  partial  suppression  was  to  make  practically  no  change 
in  the  coefficient  of  discharge.  The  results  of  the  experiments 
showed  the  coefficient  of  discharge  for  Series  No.  4a  (Plate 
XXXIII)  to  be  slightly  less  than  the  coefficient  for  Series  No. 
4.  While  for  Series  Xos.  4b  and  4c  the  value  remained  the 
same  as  for  Series  Xo.  4.  By  suppressing  the  contraction  on 
the  remaining  side.  (Series  Xo.  4d)  the  coefficient  of  discharge 
was  greatly  increased  to  the  value  shown.  Figure  I  shows  the 
portion  of  the  outlet  end  of  the  tube  which  was  utilized  for 
discharge  in  the  case  of  Series  Xo.  4c.  It  seems  evident  there- 
fore that  by  suppressing  the  contraction  at  the  entrance  on  the 
bottom  edge  of  the  tube,  the  emerging  stream  was  allowed  to 
fall  more  i-ajiidly.   from  the  intiuence  of  the  force  of  gravity, 
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than  when  the  entrance  conditions  were  square  corners,  the  re- 
sult being  a  slight  decrease  in  discharge  for  a  given  head. 

As  yet  no  experiments  have  been  made  with  the  contraction 
suppressed  on  the  top,  or  top  and  two  sides,  while  the  bottom 
remains  square  corners,  but  it  is  planned  to  do  so  before  the 
completion  of  the  experiments  wdth  submerged  tubes. 

In  order  to  determine  the  loss  of  head,  h,  for  flow  through 
the  submerged  tube  or  orifice,  it  is  necessary  to  know  the  coeffi- 
cient of  discharge  and  solve  for  h,  in  the  general  formula; 

Q  =  CaN2gH, 
then 

h  =  1  .  Q^  .    1 
C"       a«      2g 

or 

1  V2  V^ 

ii  =  ?si  •  .1-  =  111    •  . 
C*       2g  2g 

The  value  of    },  ,    tenned  m,  has  been  called  the  ' '  Coefficient  of 

Loss."  Table  XIII  gives  the  values  of  this  coefficient  as  com- 
puted from  the  values  of  the  coefficient  of  discharge  given  in 
Table  XI. 

The  average  values  of  m.  for  heads  on  the  tube  of  from  0.05 
to  0.20  feet,  are  given  at  the  foot  of  the  table.  The  maximum 
values  of  m,  occur  for  a  head  on  the  tube  of  about  0.15  feet. 
The  values  of  m  for  the  various  lengths  of  tubes,  entrance  con- 
ditions and  heads  are  shown  in  Plate  XXXII;  while  the  max- 
imum  values  of  m  for  the  various  lengths  of  tube  and  assiuned 
as  occurring  at  the  head  of  fifteen  hundredtlis  feet,  are  shown 
in  Plate  XXXIII. 

AVhen  the  submerged  tube  forms  the  entrance  to  a  pipe  or 

tube  of  greater  length  than  tf  =  about  3.5,  and  it  is  desired 
to  determine  the  entrance  loss  from  the  total  loss  as  given ;  the 
outlet  loss  for  the  experiments  with    y"     =  3.5,  may  be  safely 

assumed  as  ^,  and  tlie  value  of  the  entrance  loss  determined 
from: 

entrance  loss  =r,„— i)t 
VC*        /  2g 

=  (m-]).';"^ 
[80] 
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TABLE  XIII. 


VALUE  OF  THE 
FORMULA    h 


COEFFICIENT  OF  LOSS,"  REPRESENTED  BY  "  m,"  IN  THE 
m^>    FOR   FLOW    THROUGH    HORIZONTAL   SUBMERGED 

TUBE,   4.0  FEET  "sQUARE,    FOR   VARIOUS   LENGTHS,   LOSSES   OF    HEAD 

AND  FORMS  OF  ENTRANCE  AND  OUTLET. 


Forms  of 

entrance 

and  outlet. 

Length 

OF  Tube  in  Feet. 

Loss  of 
head,  h, 
in  feet. 

0.31 

0.62 

1.25 

2.50 

5.00 

10.0 

14.0 

Values  of  the  CoeflBcient,  m. 

.05 

Square  comers, 
a 
b 
c 
c 
d 

2.55 
2.25 
1.86 
1.48 

2.40 

2  25 

1.73 
1.85 
1.73 
1.73 

1.58 
1.56 
1.48 
1.34 

1.51 

1.46 
1  43 

1.38 
1  30 

1  31 

1.15 

1.16 

1.17 

1.20 

1.19 

.10 

Square  corners, 
a 
b 
c 
c' 
d 

2.70 
2.51 
2.17 
1.71 

2.55 

2.42 

1.97 
2.09 
1.97 
1.97 

1.76 
1.72 
1.63 
1.50 

1.68 

.  1.62 
1.60 

1.55 
1  45 

1  49 

1.19 

1.24 

1.27 

1.29 

1  29 

.15 

Square  corners, 
a 
b 
c 
c' 
d 

2.73 
2.. 55 
2.22 
1.74 

2.57 

2.45 

2.03 
2.14 
2.03 
2.03 

"i.u" 

1.77         1.68 
1.73      

1.62 
1  58 

1.65 
1.49 

■"  i.'27 

1.29' 

1.54 
1.45 

1.49 
1.28 

.20 

Square  corners, 
a 

c' 
d 

2.73 
2.54 
2  21 
i.ll 

2.55 

2.42 

2.01 
2.11 

2.01 
2,01 

1.73 

•     1  69 

1.61 

1.45 

1.62 

1.56 
1.52 
1.47 

1.40 

1.43 

1.14 

1.21 

1.24 

1.25 

1.23 

.25 

Square  comers, 
a 
b 
c 
c' 
d 

2.72 
2.52 
2.18 
1.68 

"i'.io" 

2.52 

2.38 

1.96 
2.04 
1.96 
1.96 

1.17  " 

1.66 
1.63 
1.56 
1.40 

••••l.l9- 

1.55 

1.49 

.30 

Sqnare  comers, 
a 
b 
c 
c' 
d 

2.69 
2.48 
2.14 
1.64 

2.48 

2.38 

1.90 

1.61 

1.47 

1.41 

1.06    ; 

Average 
for  heads 
•05  to  .20 

Square  comers, 
a 
b 
c 
c' 
d 

2.68 
2.46 
2.12 
1.66 

2.52 

2.38 

1  9( 
2.05 
1.94 
1.94 

1.71 
1.68 
1.59 
1.44 

1.62 

1.56 
1.53 
1.48 
1.40 

1.43 

1.16 

1.21 

1.24 

1.26 

1.25 
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Using  the  maximum  values  of  m,  for  length  of  tube  14.0  feet, 
corresponding  to  the  head  on  the  tube  of  0.15  feet,  and  noting 
that  m  for  outlet  condition,  c',  was  greater  than  m  for  inlet 
and  outlet  condition,  c,  by  the  amount  of  0.04,  the  following 
values  for  the  entrance  loss  are  obtained: 


Entrance  loss ;  square   comers    0.66  — 

Entrance  loss;  contraction   suppressed   on   bottom.. 0.62  ^ 


iff 

is 
Entrance    loss;    contraction    suppressed    on    bottom 


an-d  one  side   0.58  V 

2g 

Entrance   loss;    contraction   suppressed    on    bottom 

and  two  sides    0.49  ^ 

Entrance   loss;    contraction   suppressed    on   bottom, 

two  sides  and  top 0.32  '^- 

2g 

The   values  given   above   for  the  entrance  loss   include  the 

friotional  loss  in  a  length  of  tube  equal  to  3.5D.     This  fric- 

tional  loss  cannot  be  stated  in  the  case  of  the  tubes  with  entrance 

conditions  a,  b  and  c.     In  the  case  of  the  tube,  with  entrance 

condition  d,   contraction  fully  suppressed,  the  data  show  the 

frictional  loss  to  be  about  0.11  X-  -  leaving  the  entrance  loss  alone 

2g 

as  equal  to  0.21  ^  ■ 

-    2g 

As  the  head  on  the  tube  increases  above  fifteen  hundredths 
feet,  the  coeflficient  of  loss  decreases.  For  a  head  of  about  three- 
tenths  feet,  the  entrance  loss  (including  friction  in  length  equal 
to  3.5  D)  for  condition  square  comers,  equals  about  0.45  ^. 
For  the  tube  having  contraction  at  entrance  entirely  suppressed, 

the  entrance  loss  alone    equals  about  0.10^. 

-e 

The  longitudinal  profile  of  the  water  surface  may  be  approxi- 
mately traced  from  the  data  giving  elevations  of  water  surface 
at  the  various  gages  (see  Table  VII)..  At  the  outlet  end  of 
the  tubes  of  ten  and  fourteen  feet  length,  there  was  a  noticeable 
lowering  of  the  water  surface  below  the  normal  level,  the  amount 
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PLATE    XXXIV. 
DIAGRAM 

rOR  THE 

GRAPHICAL  SOLUTION  OF  THE  EQUATIONS 

Q=Ca\l2g?i  &  Q  =  a-u. 

FOR 

SUBMERGED  ORIFICES  AND  TUBES. 

Q=  Discharge  in  cubic  feci  per  second. 

C=  Coefficient  of  discharge. 

a  =  Area  of  cross-scctiou  of  onfice  or  tube  in  square  feet. 

g=  Acceleration  due  to  gravity  in  feet  per  sec--u  per  secoiid 

h  ~  Head  on  orifice  or  tube  in  feet. 

*  —  Average  velocity  in  feet  per  second  in  cross-sectional  area  Y 
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depending  on  the  discharge  (see  Plate  XYII).  About  fifteen 
feet  below  the  outlet  end  of  the  tube,  there  was  a  rise  in  ele- 
vation of  the  water  surface.  The  average  rise  as  determined 
from  the  readings  of  gages  Nos.  5,  6  and  7  varied  from  zero 
to  a  maximum  of  about  five-hundredths  of  a  foot.  With  the 
tubes  ten  and  fourteen  feet  long  and  a  discharge  of  about  fifty- 
cubic  feet  per  second,  there  was  a  surface  current  up  stream 
above  the  outlet  end  of  the  tube  of  about  one  foot  per  second, 
the  current  gradually  decreasing  after  passing  the  end  of  the 
tube.  The  rise  in  water  surface  below  the  outlet  end  of  the 
tube  evidently  resulted  from  partial  recovery  of  the  velocity 
head  of  the  emerging  stream.  The  amount  of  velocity  head 
recovered  depends  on  the  form  and  size  of  channel  into  which 
the  tube  discharges.  The  effective  head  on  the  tube,  as  used 
for  determining  C,  depended  on  the  elevations  of  water  sur- 
faces at  the  inlet  and  outlet  ends'  of  the  tube,  and  thus  gave  a 
true  measure  of  the  difference  of  pressure  producing  the  flow 
through  the  tube. 


DIAGRA^I  FOR  FLOW  THROUGH  SUBMERGED  TUBES 
AND  ORIFICES 

For  convenience  in  using  the  coefficients  of  discharge  for  de- 
termining the  loss  of  head  under  various  conditions  the  writer 
has  arranged  the  diagram  Plate  XXXIV,  which  is  a  graphical 
solution  of  the  equations  Q^CaV2gh  and  Q=av. 

The  diagram  is  not  connected  with  the  experimental  results, 
but  as  stated,  is  simply  a  graphical  solution  of  the  equations 
given,  by  means  of  which  values  of  h  may  be  determined  for 
various  assumed  values  of  Q   and  C. 

The  ordinates  on  the  left  side  of  the  diagram  represent  val- 
ues of  the  cross-sectional  areas,  a,  and  vary  from  four  square 
feet  to  one  hundred  and  twenty  square  feet.  The  abscissae 
marked  on  the  lower  part  of  the  diagram  represent  values  of 
the  head,  h,  on  the  submerged  tube  or  orifice.  These  values 
of,  h,  have  been  plotted  on  horizontal  lines,  each  line  represent- 
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ing  values  con-esponding  to  a  certain  value  of  the  coefficient  of 
discharge,  C,  as  shown  on  the  lower  right  hand  part  of  the  dia- 
gram. The  abscissae  marked  on  the  upper  horizontal  line  of 
the  diagram  represent  values  of  the  average  velocity,  v,  in  the 
cross-sectional  area,  a,  of  the  orifice  or  tube.  The  oblique  lines 
on  the  upper  part  of  the  diagram  represent  values  of  the  dis- 
charge, Q.  The  diagram  is  used  like  an  ordinary  diagram,  hav- 
ing rectangular  coordinates,  except  that  the  line  on  which  the  ab- 
scissae, h,  are  to  be  read  varies  in  position  and  depends  on  the 
value  C. 

The  diagram  may  be  used  in  a  variety  of  iways;  values  of  C 
and  h  may  be  assumed,  as  C=.75  and  h— 0.10,  the  vertical 
Mne  through  h=0.10  will  intersect  lines  representing  Q,  any 
value  of  whieh  may  be  selected,  and  the  corresponding  value 
of,  a,  determined  by  the  horizontal  line  through  the  point  of 
intersection  of  the  vertical  line  and  the  line  representing  Q, 
as,  for  Q=:50,  a=26.3.  By  producing  the  vertical  lines  to 
the  horizontal  line  on  the  upper  part  of  the  diagram,  values  of, 
V,  may  be  determined,  thus  for  the  above  example,  v=1.91. 
The  diagram  may  also  be  used  by  assuming  values  of,  a,  and 
Q,  or,  V,  and  Q,  and  the  resultant  values  of,  h,  read  on  the  hori- 
zontal lines  corresponding  to  some  value  of  C,  as  shown  on 
the  lower  right-hand  part  of  the  diagram. 

The  diagram  will  be  found  of  special  service  in  preliminary 
study,  where  it  is  desired  to  study  the  relative  effects  of  changes 
in  a  portion  of  the  equation  Q=CaV2gh,  as  the  effects  on,  h, 
of  certain  changes  in,  C,  for  a  given  area  of  cross-section  and 
discharge. 
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FOREWORD 


A  rational  basis  for  the  design  of  an  implement,  tool,  engine, 
or  structure  of  any  kind  is  to  be  desired  above  all  things.  Such 
a  basis  is  readily  secured  when  the  forces  acting  on  all  the  parts 
are  easily  analyzed.  There  are,  however,  many  structures  for 
which  it  is  difficult  to  make  an  analysis  complete  enough  to 
separate  all  the  forces  and  detei*mine  the  effects  of  each.  In 
such  cases  many  costly  and  sometimes  disastrous  experiments 
form  the  chief  guide  in  determining  a  basis  for  design.  These 
two  methods  are  naturally  quite  opposed  to  each  other,  and  in 
an  endeavor  to  place  steam  engine  design  on  a  better  footing 
and  to  assist  in  bringing  theoretical  analysis  and  actual  practice 
in  closer  harmony,  the  investigation  outlined  in  the  thesis  here 
given  was  undertaken. 

j\Iany  of  the  parts  of  an  engine  are  quite  simple.  The  forces 
exerted  on  them  can  be  analyzed  and  their  value  and  line  of  ac- 
tion determined  with  little  difficult}^  "When  this  is  done,  a  for- 
mula for  the  proper  proportion  of  the  parts  can  be  made  which 
will  agree  very  closely  with  practice.  In  other  cases  it  is  quite 
evident  that  the  analysis  made  is  not  correct  as  its  results  differ 
materially  from  actual  practice.  Strictly  speaking,  there  is  no 
conflict  between  theory  and  practice.  A  difference  such  as 
indicated  shows  either  a  wrong  application  of  theory  or  theories 
based  on  false  assumptions.  It  is  hoped  that  in  the  near  future 
we  may  have  more  satisfactory  formulas  than  those  outlined  in 
the  discussion  following.  For  example,  there  is  little  justifica- 
tion in  applying  Euler's  formula  to  the  piston  rod,  as  the  length 
is  so  great  in  proportion  to  its  diameter  as  to  exceed  limits  for 
which  this  formula  can  be  correctly  applied. 

The  charts  given  should  be  of  assistance  to  the  designer  as 
a  check  on  his  calculations,  showing  when  his  results  are  near 
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the  minimum,  average  or  maximum  values  as  found  from  an 
inspection  of  a  number  of  designs. 

It  must  be  borne  in  mind  that  conditions  of  practice  often 
require  duplication  of  parts  in  different  engines,  for  example 
the  use  of  one  size  of  pin  or  bearing  on  engines  of  several  dif- 
ferent sizes  in  order  to  decrease  the  cost  of  manufacture.  These 
commercial  requirements  will  account  for  many  of  the  apparent 
differences  among  engine  manufacturers. 

It  is  hoped  that  this  little  contribution  which  Avas  prepared 
under  the  direction  of  the  late  Professor  Storm  Bull,  by  jVIr. 
0.  N.  Trooien  as  a  thesis  for  the  degree  of  M.  E.  will  prove  of 
assistance  to  engineers  engaged  in  the  design  of  reciprocating 
steam  engines.  If  it  results  in  a  stimulation  of  an  investigation 
into  modern  methods  of  design  and  in  a  more  rational  basis  for 
proportioning  the  many  intricate  parts  of  a  reciprocating  steam 
engine,  its  purpose  will  have  been  accomplished. 

H.  J.  Thorkelson. 
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INTRODUCTION 

This  investigation  was  undertaken  for  the  purpose  of  adding 
a  little  information  to  the  present  knowledge  of  current  practice 
in  proportioning  steam  engine  parts. 

A  similar  investigation  was  undertaken  at  Cornell  University 
ten  years  ago,  and  by  comparing  the  two  results,  the  trend  of 
progress  in  the  design  of  steam  engines  during  the  last  decade 
may  be  observed. 

Practice  in  proportioning  standard  steam  engine  parts  has 
settled  down  to  certain  definite  values,  which  have  by  long  usage 
in  actual  operation  been  fomid  to  give  good  and  satisfactory  re- 
sults. This  general  agreement  is  foimd  to  exist  not  only  in  dif- 
ferent engines  made  by  one  manufacturer  but  also  in  engines 
made  by  different  manufacturers  as  well.  These  values  are  of 
such  a  nature  that  they  can  readily  be  expressed  in  a  formula, 
showing  the  relation  between  the  more  important  factors  enter- 
ing the  problem  of  design. 

Although  these  fomiidas  are  not  always  mathematically  exact, 
still  they  show  in  an  approximate  way  the  relation  between  the 
more  important  variables  to  be  considered  in  proportioning  en- 
gine parts.  They  may  be  considered  as  partly  rational  and  partly 
empirical;  rational  in  the  sense  that  the  variables  enter  in  the 
same  manner  as  in  a  strictly  analytical  analysis  and  empirical 
in  the  sense  that  the  constants,  instead  of  being  obtained  from 
assumed  working  strength,  bearing  pressures,  etc.,  are  derived 
from  actual  practice  and  include  elements  whose  values  are  not 
accurately  known  but  require  consideration  which  is  given  by 
assigning  values  that  have  been  found  to  be  safe  and  econom- 
ical. 
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Tlu'  forimilas  here  given  at  least  show  the  general  trend  of 
practice  and  in  some  cases  will  serve  as  a  cheek  npon  the  "en- 
gineering sense"  and  good  judgment  of  the  designers. 


METHOD  OF  I^JiUCEDL'KE 

In  order  to  successfully  carry  out  an  examination  of  this 
nature,  it  was  first  necessary  to  secure  data  as  to  dimensions 
and  weights  in  actual  use  which  had  proven  satisfactory  in  prac- 
tice. This  required  a  cooperation  of  the  builders  of  the  engines 
examined,  and  in  order  to  better  secure  this  cooperation,  printed 
forms  (see  pag'e  406),  containing  about  150  questions  concern- 
ing the  different  engine  parts  were  sent  to  the  builders  of  the 
classes  of  engines  examined.  A  printed  circular  stating  the 
plan  and  object  of  the  imdertaking  was  also  included  as  well  as 
a  personal  letter. 

As  Avas  expected  the  matter  of  collecting  this  data  presented 
some  dit^culty  and  although  all  the  engine  builders  communi- 
cated with  did  not  see  fit  to  fumi.sh  the  desired  information, 
st-U  data  covering  a  large  number  of  engines  and  representing 
many  different  builders  were  secured.  This  information  repre- 
sented sizes  varying  from  20  to  400  rated  Horse  Power  and  the 
data  secured  were  first  tabulated  and  separated  into  classes  and 
subclasses,  the  two  main  classes  being  high  speed  or  quick  revo- 
lution engines  and  low  speed  or  slow  revolution  engines  (the 
latter  class  being  principally  the  Corliss).  Divisions  into  sub- 
classes were  made  in  the  treatment  of  such  parts  as  the  crank 
pin  for  center  crank  and  side  crank  engines,  while  in  dealing 
with  such  parts  as  the  piston  rod  or  crosshead  pin,  no  such 
division  was  thought  necessary. 

The  following  .symbols  of  notation  are  used  in  the  formulas 
given  : 

D=diameter  of  piston. 

A=:area  of  piston. 

L:=length  of  stroke. 

p=:unit  steam  pressui-e,  taken  as  125  lbs.  per  sq.  in.  above 
exhaust  as  a  standard  pressure. 
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H.  P. crated  Horse  Power. 
N=revolutions  per  minute. 
C=:a  constant. 
K=a  constant. 

d:=diameter  of  unit  uuder  consideration.. 
Z=length  of  unit  under  consideration. 
The  connnercial  point  of  cut-off  talien  at  1/4  of  the  stroke. 
All  dimensions  are  given  in  inches  unless  otherwise  indicated. 
Other  notation  than  the  above  is  explained  as  used. 
The  general  method   employed  in   deriving  the  various  ex- 
pressions and  in  plotting  the  curves  shown  in  the  cuts  (usually 
straight  lines)   may  be  illustrated  by  referring  to  the  method 
used  in  obtaining  the  formula  for  the  piston  rod  diameter  and 
ill  deriving  values  of  the  constants  used. 

PISTON  ROD 

It  was  deemed  best  in  this  case  to  treat  the  piston  rod  as  a 
long  strut,  to  be  designed  for  rigidity,  inasmuch  as  any  consid- 
erable buckling  or  flexure  would  be  very  objectionable,  and  a 
slight  increase  in  diameter,  due  to  this  method  of  treatment, 
would  only  add  tov  'e  factor  of  safety.  Euler's  formula  for  long 
columns  was  used.     It  has  the  form 

in  which  E:=modulus  of  elasticit}^;  I^moment  of  inertia  for 
the  section;  L=the  length  of  the  strut  (in  this  case  the  free 
length  of  the  piston  rod)  ;  and  P:=tlie  greatest  load  consistent 
with  stability.  The  value  of  the  constant  K  depends  upon  the 
end  conditions  of  the  strut,  as  to  whether  they  are  fixed  or 
pivoted,  free  or  guided.  In  this  case  the  piston  rod  was  consid- 
ered as  fixed  at  one  end  and  free  at  the  other,  because  some 
forms  of  guides  are  poorly  adapted  to  resist  lateral  flexure. 
Here 

K  =  1/4 

4    L-, 

L,  =  length  of  rod 

V-n^Jf'-     1=^,  Trd*;  Lj    (in  plotting)   was  taken  equal  to 
^  4      '  04 
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the  length  of  the  stroke  L.  This  will  merely  change  the  constant 
in  the  final  result.    In  plotting  it  Avas  found  that 

Li  =  1.8  L  for  high  speed  engines  and  L-^  =  3.2  L- 
Lj  =  1.4  L  for  low  speed  engines  and  L-^  =  1.96  L- 

A>ssuniing  p  as  a  standard  steam  pressure  of  125  pounds  per 
square  inch  and  that  E  =  30,000,000,  the  Euler  formula  will 
take  the  following  form  for  high  speed  engines  (witli  Ij-j  = 
3.2  h-). 

ttD^   _  71-^  X  30,000,000  X  ^X^* 


125 


125  X  64  X  3.2 
n-^  X  30,000,000 


ord^=-^-g^^^X^-^D^L^ 


therefore  d  =  .96/dL/ 

In  a    similar    manner    for    low    speed    engines    (taking    L-^  = 

1.96  L^) 

d  =  .OSoVDL. 
Both  of  these  expressions  are  for  a  factor  of  safety  of  unity.  The 
equation  used  in  plotting  is 

d  =  C   VDL 

In  plotting  the  curves  for  the  diameter  of  the  piston  rod  for 
these  two  classes  of  engines,  values  of  d  were  used  as  ordinates 
and  values  for  ViJL   for  the  same  engine  were  used  as  abscissas. 

Points  located  in  this  Avay  are  indicated  by  small  circles  iu 
Figs.  1  and  2,  and  where  two  or  more  points  derived  from  dif- 
ferent engines  coincide,  a  double  circle  is  used.  All  points  ob- 
tained from  the  engines  of  one  maker  are  connected  by  a  con- 
ventional line.  The  broken  character  of  most  of  these  lines  is 
largely  accoimted  for  by  the  fact  that  sizes  usually  run  in  even 
fractional  increments  not  less  than  1/16  in.  and  are  usually  more, 
and  it  is  also  due  to  such  connnercial  considerations  as  using  the 
same  size  of  frame,  pins  and  rods  for  ditt'erent  sized  cylinders 
and  speeds. 

A  heavy  full  line  is  drawn  to  represent  the  awrage  of  the  ob- 
servations. Lines  are  also  drawn  to  eiiiltracc  Ihc  cxlfciiM'  points. 
From  the  equations  of  these  lines  ditferent  values  of  C  are  ob- 
tained which  represent  the  average,  maximum  and  minimum 
values  of  practice,  as  shown  by  the  engines  examined. 
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Piston  rods  of  high  speed  engines,  Fig.  1 : 
mean  value  of  C  ^  .15 
maximum  value  of  C  =  .187 
minimum  value  of  C  =  .125 
Piston  rods  of  low  speed  engines,  Fig.  2: 
mean  value  of  C  =  .114 
maximum  value  of  C  ^  .156 
minimum  value  of  C  =  .1 
As  the  strength  of  a  long  strut  varies  as  the  fourth  power  of 
the  diameter,  it  is  necessary  to  compare  the  mean  value  of  C, 
here  obtained,  with  that  obtained  with  a  factor  of  safety  of 
unity  in  order  to  get  the  true  factor  of  safety.   This  is  f oimd  to  be 

(^7^^     =  6  for  high  speed  engines,   and    {'-     )      =  3.25    for 
\.09b/  '  v. 085/ 

low  speed  engines. 

CYLINDER 

The  Thickness  of  Cylinder  Wa  1j,  Fig.  3. 

Theoretically  the  thickness  of  a  thin  cylindrical  shell  is  pro- 
portional only  to  the  pressure  which  it  has  to  sustain,  and  the 
internal  diameter  of  the  shell.  In  the  case  of  the  cylinder  wall 
of  a  steam  engine,  this  thickness  is  modified  somewhat  in  order 
to  allow  for  reboring,  and  in  small  engines  it  is  increased  still 
more  in  order  to  insure  good  castings. 

Several  methods  of  expressing  this  thickness  were  tried  but 
none  give  any  better  satisfaction  than  the  empirical  formula 
used  by  Unwin.    It  has  the  form 

t  :=  CD  +  B 

where  t  =    the  thickness  of  the  cylinder  wall;  D  =  diameter  of 
l)istoii ;  and  C  and  I^  are  constants. 

From  the  engines  examined  it  was  foimd  that  B  ==  .28  in. 

and  mean  value  of  C  =  .054 

maximum  value  of  C  =  .072 

minimum  value  of  C  =  .035 

No  characteristic  difference  was  found  to  exist  between  high 
speed  and  low  speed  engines. 
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Diameter  of  Stud  Bolts,  Fig.  4. 

The  diameter  of  stud  bolts  used  for  the  cylinder  cover  may  be 
expressed  by  the  formula 

d  =  CD  +  B 

wheii  d  =  diameter  of  bolts ;  D  =  diameter  of  cylinder ;  and  C 
and  B  are  constants. 

mean  value  of  C  =  .04  and  B  =  3/8  in. 

With  only  one  exception  the  smallest  diameter  of  bolts  used  in 
the  high  speed  engines  was  3/4  in.  and  in  the  Corliss  engine 
the  smallest  value  was  1  m. 

The  mean  thickness  of  cylinder  flanges  for  holding  cylinder 
covers,  where  these  were  bolted  to  cylinder  flanges,  Avas  found 
to  be  1.12  times  the  thickness  of  cylinder  wall,  for  both  high 
speed  and  Corliss  engines. 

The  thickness  of  cylinder  cover  at  center  seems  to  vary  a  great 
(leal,  but  for  the  engines  examined  it  may  be  taken  as  2.75  times 
the  thickness  of  the  cylinder  Vv'all  for  high  speed  engfines  and 
1.12  times  the  thickness  of  cylinder  wall  for  Corliss  engines. 

The  number  of  stud  bolts  used  for  cylinder  covers  may  roughly 
be  expressed  by  N  =  CD 

where  N  =  the  number  of  bolts 
mean  value  of  C  :=  .72  for  high  speed  engines 
mean  value  of  C  =  .65  for  Corliss  engines 

The  h^ast  number  of  bolts  used  for  any  engine  was  found  to  I)e  6. 

Clearance  Volume  of  Cylinder 

The  clearance  volume  was  found  to  vary  from  5  to  11%  in 
high  speed  engines  and  from  2  to  5%  in  Corliss  engines. 

Ratio  op  Stroke  to  Cytjnder  Diameter 

Ratio  of  length  of  stroke  to  diameter  of  cylinder  in  engines 
liaving  a  speed  greater  than  200  revolutions  per  minute,  Fig.  5 : 

L:=CD 

mean  value  of  C  =  1.07 

maximum  value  of  C  =  1.55 

]uininnnii  value  of  C  =    .82 

[15] 
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Ratio  of  length  of  strokt^  to  diameter  of  cylinder  in  engines  hav- 
ing a  speed  between  110  and  200  revolutions  per  minute,  Fig.  6: 

\j=CD 

mean    value   of   C  =  1.36 

maxiiiiuiii  value  of  C  =  1.88 

min.nmm  value  of  C  =  1.03 

Ratio  of  length  of  stroke  to  diameter  of  cylinder  in  engines  hav- 
ing a  speed  less  than  110  revolutions  per  minute.  (Corliss  en- 
gines.) Fig.  7 : 

L  =  CD  +  B 

B  =  8  in. 

mean  value  of  C  =  1.63 

maximum  value  of  C  =  2.40 

minimum  value  of  C  =  1.15 

PISTON 

Face  of  Piston 

The  relation  existing  between  the  width  of  the  face  of  piston 
and  the  diameter  of  the  piston  can  be  expressed  equally  well  in 
two  ways : 

by  w  =  CD 
or  by  w  =  CD  +  B 
where  w  :=  width  (if  ])is1oii  :  1)  r=  diameter'  of  piston  :  and  (_"  and 
B  are  constants. 

Tsing  w  =:  CD 
gives  for  high  speed  engines,  Fig.  8: 

mean  value  of  C  =  .40 
maximum  value  of  C  ^  .47 
minimum  value  of  C  :=  .30 
For  Coi'liss  engines.  Fig.  9: 

mean    \aliie   of   C  =  .32 
I'sing  the  eijuation  w  =  CD  -\-  B 
gives  for  high  speed  engines,  Fig.  8: 

B  =  lin. 
mean  value  of  C  =  .32 
maximum  value  of  C  =  .40 
niininiiiin  \  alnr  of  i)  =  .24 
[18] 
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For  Corl'ss  engines,  Fig.  9: 

B  =  1  in. 
and  mean  value  of  C  ==  .26 
The  box  type  seems  to  be  the  prevailing  form  of  piston.     The 
thickness  of  shell  of  piston  in  high  speed  engines  is  about  .6  of 
the  thickness  of  cylinder  wall,  and  for  Corliss  engines  this  ratio 
is  about  .7. 

Piston  Rings 

The  prevailing  number  of  rings  used  for  the  piston  is  two,  and 
the  rings  are  usually  turned  to  a  diameter  1/4  in.  larger  than 
the  bore  of  the  cylinder. 

Piston  Speed 

HIGH    speed  engines 

mean  piston  speed  =  605  feet  per  minute 
maximum  piston  speed  =  900  feet  per  minute 
minimum  piston  speed  =  320  feet  per  minute 

CORLISS  ENGINES 

mean  piston  speed  -^  592  feet  per  minute 
maximum  piston  speed  ^=  800  feet  per  minute 
minimum  piston  speed  ^=  400  feet  per  minute. 

CROSS  HEAD 

Crosshead  Shoes.  Fig.  10 

The  crosshead  shoes  are  usually  designed  to  witlistand  a  cer- 
tain unit  bearing  pressure,  and  this  pressure  :s  necessarily  pro- 
portional to  the  pressure  on  the  piston.  The  area  of  the  cross- 
liead  shoes  which  sustains  the  vertical  component  of  the  force 
transmitted  through  the  connecting  rod  may  be  expressed  by 
the  equation 

a  =  CA 

[23] 
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The  maximum  pressure  S  on  cross  head   (if  the  steam  follows 
up  for  half  stroke)  is  nearly  equal  to 


r 

T 

X 

P  = 

S  = 

:  sa 

Ijc 

sa  = 

1   ^ 

n  '' 

<  pA 

a  - 

P 

ns 

A  = 

CA 

where  S  =  total  pressure  on  crosshead  shoes;  s  =  unit  pressure 
on  crosshead  shoes ;  a  =  area  of  crosshead  shoes ;  r  =:  length 
of  crank ;  be  =  length  of  connecting  rod. 

The  unit  pressure  on  crosshead  shoes  may  be  found  as  fol- 
lows : 

pA 
sa  =  ^-- 
n 

_  pA  _    pA     _  2^5 
Da         nCA  nC 

n  =  —     mav   be   taken   as   6   for  high  speed   engines   and   5.5 
r 

for  Corliss  engines.  The  value  of  C  was  fouud  to  be  the  same 
for  l;()tli  the  high  speed  and  Corliss  engines. 

mean  value  of  C  =  .53,  Fig.  10 
maximum  value  of  C  =  .72 
minimum  value  of  C  ^  .37 
For  high  speed  engines : 

mean  value  of  s  =:  39.5 
maximum  value  of  s  =  57 
miuimuiii  value  of  s  =  28 
For  Corliss  engines: 

mean  value  of  s  =  43 
maximum  value  of  s  =  61 
minimum  value  of  s  ^  32 
While  these  pressures  may  seem  high,  it  will  be  noted  that 
iMit-off   usually  takes   place  before  mid-stroke   is   reached.     If 
cut-off  takes  place  at  1/4  stroke  (which  is  considered  as  the  com- 
mercial point  of  cut-off  in  this  examination)    the  steam  pres- 
sure when  at  mid-stroke  will  be  about  1/2  of  its  former  value  at 
this  point.       The  earlier  point  of  cut-off  will  reduce  the  unit 
pressures  to  safe  working  conditions  under  actual  operation. 

[25] 


tj;)b  bulletix  of  the  university  of  wisconsin 

Cbosshead  Pin 

Ratio  of  diameter  to  length  of  bearing  part  of  crosshead  pin 
in  high  speed  engines,  Fig.  11 : 

l  =  Cd 

mean  value  of  C  =  1.25 

maximum  value  of  C  =  1.5 

minimum  value  of  C  =  1.0 

For  Corliss  engines,  Fig.  12 : 

l  =  Cd 
mean  value  of  C  ^  1.43 
maximum  value  of  C  ^  1.9 
minimum  value  of  C  =  1.0 

The  erosshead  ])in  may  he  designed  either  for  strength  or  for 
a  definite  unit  bearing  pressure  on  the  projected  area.  For 
strength  the  erosshead  pin.  may  bo  ticalcd  as  a  fixed  beaui.  in 
which  case  we  will  have 

resisting  moment  :=  bending  moment  or 
7r/32fd3  =  18  P^ 

For  high  speed  engines,  mean  value  of  I  =  1.25  d,  then 
V32fd»  =  l'8PX5/4d 
or  Ci  d~  :=  P  =  pA  =  pTT/i  D" 
and  d  ^  CD. 

In  treating  the  erosshead  pin  for  a  definite  unit  bearing  pres- 
sure on  projected  area,  the  following  relation  may  be  used. 

dl  =  KA 

as  before  take  I  =  1.25  d,  then 

1.25  d=>  =  KA  =  K7T/iD^ 

and  d  =  CD  as  before. 

'^I'liis  gives  the  same  final  exj)ressi(>n  for  l)()th  eases  and  llie 
ofjuation  d  =  CD  is  used  in  plotting.  As  should  be  expected 
no  difference  was  found  in  the  vjilne  of  ('  t'oi-  high  spe<'.1  and 
Corliss  engines. 

mean  value  of  C  =^  .25,  Fig.  13 
maximum  value  of  C  =  .28 
minimum  value  of  C  =  .17 

[26] 
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Using  the  mean  value  of  I  =  1.25d  for  the  high,  speed  engines 
and  I  =  1.43d  for  the   Corliss  engines,   the   followuig  are  the 
values  of  K  and  f  respectively: 
For  high  speed  engines: 

mean  value  of  K  =  .10 
maximum  value  of  K  =  .15 
minimum  value  of  K  =  .037 

mean  value  of  f  =  2,500 
maximum  value  of  f  ^  5,400 
minimum  value  of    f  ^  ^,000. 

For  Corliss  engines: 

moan   value  of  K^.115 
maximum  value  of  K  =  .19 
minimum  value  of  K  =  .037 
mean  value  of    f  =  2.870 
maxiimum  value  of     f  ^=  (!.450 
minimum   value   of    f  ^  2.300. 

CONNECTING  R(3DS 

The  method  of  treating  the  oonneeting  rods  is  similar  to  the 
method  emph)yed  for  the  piston  rods.  The  Euler  formula  for 
long  columns  is  used  and  the  constants  modified  for  end  con- 
ditions. AkS  regards  buckling  in  Iho  j)lane  of  its  motion,  the 
connecting  rod  may  be  treated  as  having  both  ends  free  but 
guided  in  the  direction  of  the  plane  of  the  motion,  and  the 
formula  becomes 

P      =      71-      =r^p- 

For  lateral  deflection  the  rod  may  be  considered  as  having  both 
ends  fixed,  and  the  formula  becomes 

where  P  is  the  greatest  safe  load  for  stability ;  E  is  the  modulus 
of  ela.sticity ;  I  is  the  moment  of  inertia  of  mid-section ;  and  Lc  is 
the  length  of  strut  (center  to  center  of  connecting  rod). 

From  a  comparison  of  the  above  equations  it  is  seen  that  the 
resistance  of  a  rod  of  circular  cross  section  to  lateral  deflection 

[30] 


TROOIEN STEAM   ENGINE  DESIGN  363 

is  four  times  as  great  as  its  resistance  to  buckling  in'  the  plane 
of  its  motion  and  hence  it  need  only  be  considered  for  the  lat- 
ter condition.  A  rod  of  rectangular  crass  section  may  buckle 
in  either  plane  depending  upon  the  ratio  of  the  height  h  to  the 
breadth  or  thickness  b,  at  center.  For  the  engines  examined 
the  mean  ratio  of  h  to  b  at  center  of  rods  was  found  to  be  2.28. 
The  relation  of  h  =  Cb  was  used  in  plotting  Fig.  14. 

mean  value  of  C  ^^  2.28 
maximum  value  of  C  =  3.0 
minimum  value  of  C  =  1.85 
By  comparing  the  above  formula  for  the  resistance  of  a  rod 
of  rectangular  cross  section,  to  buckling  in  either  plane  for  a 
given  load,  tlie  following  relation  holds  true. 
7r=E       _  4:7t^E  ^ 

t"J—  lb      —     -f— Ih 

or  Ii,    =  4  Th 
where  lb  is  the  moment  of  inertia  of  mid-section  of  rod  about  the 
b  or  shorter  axis  through  center  of  section,  and  Ih  is  the  moment 
of  inertia  about  the  h  or  longer  axis  through  center  of  section 
or  1/12  blr  =  4/12  b^h 
and  h  ^=  2b. 
Th  s  shows  that  wIumi  h  =  2b  at  center  for  a  rod  of  rectan- 
gular cross  section,  it  will  have  equal  rigidity  against  buckling 
in  eithei-  plane.     For  the  engines  examined  the  mean  value  of 
h  ^=  2.28  b.  and  hence  these  rods  need  be  considered  for  lateral 
deflection  only. 

Connecting  rods  of  high  speed  engines,  Fig.  15  (rectangular 
sections  only). 

These  are  treated  for  lateral  deflection  and 
P       ,    o     EI 

If  the  rigidity  of  the  rod  is  considered  as  determined  by  the 
l)readth  b  and  height  2b,  the  error  will  only  be  on  the  side  of 
safety,  and  then 

I  =  1/12  b^h  =  1/12  b''  X  2b  =  ^ 

b 

^u      x>  ,i  ^^■>       A    -^  ..  30,000,000  ^^  b* 

then  P  =  p7t/i  D-  =  in:^  X  — rv-^ X  ~ir 

1j"c  t) 

and  b  =  .026VDLc   (for  factor  of  safety  of  unity) 

[31] 
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'rhv  cxpiv.ssioii  h^  C\/Dh(.  was  used  in  i)lotting 

moan  value  of  C  =:  .073 
niaxiiiiuni  value  of  C  ^  .094 
minimum  value  of  C  =  .05 

This  ;j:ives  a  factor  of  safety  of  (^S?)*  =  60 

Connecting  rods  of  low  speed  engines.  Fig.  16   (circular  sec- 
tions only). 

'J'hese  are  treated  for  tlexure  in  the  plane  of  their  motion  and 

p         ..    EI 

or  125  X  ?r/4D2  =  Jr^  x   —j^^ X  -g^ 

nnd  d  =  .051  VDLe  (for  factor  of  safety  of  miity) 
The  expression  d  =  C\/T>1j^  was  used  in  plotting, 
mean  value  of  C  ^  .092 
maximum  value  of  C  =  .104 
mininnim   value  of  C  =  .081 

092  ^ 


This  gives  a  factor  of  safety  of  (h^,)    =  U 


051/ 

Ckaxk  Pix 

The  ratio  of  h-ngth  to  (liaiiictci'  of  ciank  pin  iiui\'  he  expressed 

by 

/  =  Cd 

For  high  speed  engines.  Fig.  17: 

mean  value  ot*  C  =  .87 
maxinniiii   value  of  C  =^  1.25 
mininiiiiii    \alue  of  C  =^  .66 

For   Corliss   cnLiiiics.    h'ig.    IS: 

mean  \iihu'  of  C  :=  1.14 
maximum  value  of  C  =  1.30 
mininnim  value  of  0  =  1.0 

In   1i-catiiiH   the  crank  ])in    I'oi-  slrcngtli   it  was,  in  the  ease  of 
center  ci-ank  engines,  taken  as  a   sim])le  beam   having  a  length 

I  34  I 


TROOIEN STEAM   ENGINE  DESIGN 


367 


°\ 

\ 

^ 

\ 

\ 

\ 

\ 

\ 

^ 

\ 

\ 

\' 

\, 

\ 

\ 

\ 

V 

\, 

\ 

V 

\ 

^'^ 

^. 

\ 

^ 

\ 

<^ 

\ 

•^ 

N 

'\ 

^ 

\ 

>J 

U 

Q 

^^ 

o 

0 

« 

C 

o 

3 

•<^ 

C8 

t^ 

^ 

w 

z 

« 

Y 


•SOipni    'pO.I    JO   .I0}01UUI(I 


[35] 


368 


BULLETIN   OF  THE  UNIVERSITY  OF  WISCONSIN 


• 

\ 

\ 

\ 

N. 

\ 

\ 

N 

\' 

i. 

\ 

\ 

' 

v 

N 

-  ^Ox 

^ 

n: 

\ 

V 

\ 

:> 

.^ 

\ 

N 

\ 

)'nV\ 

o 

'H-.^ 

^. 

N,  ^ 

^j 

%. 

\ 

\ 

\ 

\ 

X 

^ 

L  9  i.-  J'  8 


[36] 


TROOIEN STEAM  ENGINE  DESIGN 


369 


\, 

\, 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

,\ 

^?    N. 

\ 

\ 

\ 

\ 

SJ\ 

\ 

\' 

^ 

\ 

^ 

% 

^ 

:^, 

^^ 

^ 

\ 

o.    S 


01  6 


I  9  9  f  Z 

•saqoni  'nid  jo  .lajaniBra; 


[37] 


oTO  BULLETIN   OF   THE  UXIVERSITY   OF   WISCONSIN 

equal  to  the  distance  between  the  center  lines  of  main  journals 
of  the  engine,  and  for  strength 
resisting  moment  =  bending  moment,  or 


4 

where  d  is  the  diameter  of  the  pin  and  Lb  is  the  distance  from 
center  to  center  of  main  bearings.  The  relation  between  the 
diameter  d  and  the  length  Lb  may  be  expressed  by 

L,,  ^  Cd. 

mean  value  of  C  =  4.2,   Fig.  19 

then  n,  32  fd^  =  ^^^^  =  105  d  X  P  Jr/'l  D^ 

Cid=  =  1.05  X  125  X  ."S  D^  and 
d  =  CD 
which  is  the  expression  used  in  plotting. 

For  higli  speed  center  crank  engines,  Fig.  20: 

mean  value  of  C  =      .40 

maximum  value  of  C  :=      .526 

minimum  value  of  C  =      .28 

mean  value  of    f  =    6,600 

maximum  value  of    f  =  13,400 

minimum  value  of    f  =    3,800 

The  crank  p!n  for  side  crank  Corliss  engines  was  treated  as  a 
single  cantilever  beam  having  a  length  equal  to  the  bearing 
length  of  the  crank  pin,  and  in  the  same  manner  as  before 

where  d  is  the  diameter  and  /  is  the  length  of  tlie  ernnk  pin. 

The  mean  relation  between  tlie  length  and  llie  diameter  of 
the  crank  pin  as  already  .found  is 

Z  =  L14  d 

and  as  before,  the  following  final  expression  is  obtained: 

dr=CD. 
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For  side  crank  Corliss  eugiues,  Fig.  21 : 

mean  value  of  C  ^  .27 

maximum  value  of  C  =:  .32 

minimum  value  of  C  ^  .21 

mean  value  of    f  =  7,800 
maximum  value  of    f  =  13,000 

minimum  value  of    f=  5,500 

:\IAL\  JOUEXALS  OF  CRANK  SHAFT 

Crank  shafts  are  subject  to  variable  combined  bending  and 
twisting  moments,  but  these  moments,  when  their  magnitude 
and  direction  are  Imown,  can  be  reduced  to  an  equivalent 
twisting  moment  by  the  formula 

Mt  =  M  -f-  f/M^  +  Ts 

where  IMt  is  the  equivalent  twisting  moment;  M  the  simple 
bending  moment;  and  T  the  simple  twisting  moment  for  the 
point.  If  now  the  ratios  of  bending  and  twisting  moments  and 
of  maximum  to  mean  moments  are  constant,  the  above  trans- 
formation will  retain  the  same  general  form  and  change  only 
in  the  numerical  coefficient.  In  the  engines  examined  there  is 
a  general  agreement  as  to  the  above  ratios  of  moments  among 
engines  of  the  same  class. 

For  maximum  fibre  stress  the  main  journals  of  the  crank 
shaft  may  be  treated  as  subjected  to  this  equivalent  twisting 
moment.     A  common  expression  for  twisting  moment  is, 


,_.,      3/H.P. 

"^-^  V  ^  ■ 

where  d  is  the  diameter  of  main  journal;  IT.  P.  is  the  iHorse 
Power  of  the  engine;  and  N  is  the  number  of  revolutions  per 
minute. 

For  high  speed  center  crank  engines,  Fig.  22: 
mean  value  of  C  =  6.6 
maximum  value  of  C  =  8.2 
minimum  value  of  C  =  5.4 
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For  Corliss  engines,  Fig.  23,  this  relation  seems  best  expressed 
by  the  form 


c  r3/H-p--B^ 


/    3/H.] 


B  =  .30 
mean  value  of  C  =  7.2 
maximum  value  of  C  =  8.0 
minimum  value  of  C  =  6.4 

The  relation  between  the  length  and  diameter  of  the  main 
journals  of  crank  shafts  may  be  expressed  by 

l  =  Kd. 

For  high  speed  center  crank  engines.  Fig.  24: 

mean  value  of  K  =  2.1 

maximum  value  of  K  =  2.9 

minimum  value  of  K  =  1.6 

For  Corliss  side  crank  engines,  Fig.  25: 

mean  value  of  K  =  1.90 
maximum  value  of  K  =  2.20 
minimum  value  of  K  =  1.62. 
The  relation  between  the  projected  area  of  the  main  journals 
and  the  area  of  the  piston  may  be  expressed  by 

d  l  =  Si=FA. 

For  high  speed  center  crank  engines,  Fig.  26: 

mean  value  of  F  =:  .48 

maximum  value  of  F  =  .78 

minimum  value  of  F  =  .32 

For  Corliss  side  crank  engines,  Fig.  27 : 

mean  value  of  F  =  .6 
maximum  value  of  F  =  .66 
minimum  value  of  F  =  .5. 

THE  FLY  WHEEL 

The  weight  of  fly  wheel  rim  was  found  to  be  almost  too  un- 
certain a  value  to  lend  itself  to  any  satisfactory  comparative 
treatment.  There  is  a  marked  difference  in  opinion  among  the 
different  engine  builders,  not  only  as  to  what  would  constitute 

[44] 
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a  i^roper  total  weight  of  fly  wheel  for  an  engine  of  certain 
Horse  Power,  but  there  is  an  equally  marked  difference  in  opin- 
ion as  to  how  much  of  the  total  weight  should  be  considered  as 
acting  at  the  center  of  the  fly  wheel  rim  in  producing  inertia, 
effect. 

Some  manufacturers  consider  the  total  weight  of  tlie  wheel 
as  acting  at  the  rim  in  producing  inertia  effect;  others  consider 
the  weight  of  the  rim,  spokes  and  hub  as  all  acting  at  their 
respective  centers  of  gravity,  the  weight  of  the  sjxtkes  being 
considered  as  about  1/3  of  the  total  weight  of  the  wheel;  still 
others  consider  the  weight  of  the  rim  and  1/3  of  the  weight  of 
the  spokes  acting  at  their  respective  centers  of  gravity ;  r.nd 
finally  some  consider  the  weight  of  the  fly  wheel  rim  only  and 
disregard  the  weight  of  the  remaining  parts  of  the  wheel. 

From  the  engines  examined  it  was  found  that  the  Aveight  of 
the  rim  of  the  wheel  varied  from  44  to  75%  of  the  total 
weight  of  wheel  in  high  speed  engines  and  from  52  to  GS% 
in   Corliss  engines. 

In  view  of  these  variations  it  was  deemed  best  to  use  the 
total  weight  of  the  wheel  in  plotting.  And  the  formula  that 
is  most  commonly  used  for  finding  the  weight  of  fly  Avheel  was 
used. 

It  has  the  form 

W  =  C  y    ^    ^ 

where  W  =  total  weight  of  wheel;  Dj  ^  the  diameter  of  wheel 
in  inches;  and  N=:the  number  of  revolutions  per  minute. 

This  relation  gives  fairly  satisfactory  results  for  high  speed 
engines  up  to  about  175  Horse  Power,  aiul  for  this  i-ange.  Fig. 
28: 

mean  value  of  C  =  l,300,OnO.()00.()00 
maximum  value  of  C  =  2,800.()( )().()( )(),000 
ininimum  value  of  C  =     660,000,000,000 
Hut   when  high  speed  engines  of  larger  size  are  considered, 
the  rchilioii  sccnis  belter  expi-essed  ])y 

W  =  ^  X  5^»  +  ^ 


B  =  1,000 
[50] 
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mean  value  of  C  =    720,000,000,000,  Fig.  29 
maximum  value  of  0  =  1,140,000,000,000 
minimum  value  of  C  =    330,000,000,000. 
A  somewhat   orealer  uniformity  seems   to   exist   among  the 
builders  of  standard  Corliss  engines.     In  these  engines  the  re- 
lation seems  best  expressed  by 

H.  P. 


W 


=  -(^3-B) 


B  =  .000,000,004,5. 
mean  value  of  0  =  890,000,000,000,  Fig.  30 
maximum  value  of  C  =  1,330,000,000.000 
minimum  value  of  0  =     625,000,000,000 
The  corresponding  values  of  K  are 

mean  value  of  K  =  4,000 
maximum  value  of    K  =  6,000 
minimum  value  of  K  =  2,800 
The  relation  between  the  length  of  the  stroke  and  diameter 
of  fly  wheel  in  high  speed  engines  may  be  expressed  by 

D,  =  OL 
where  D^  =  outside  diameter  of  wheel    in    inches ;    and    L  = 
length  of  stroke  in  inches. 

mean  value  of  C  =  4.4,  Fig.  31 
-  majiimum  value  of  0  =  5.0 
minimum  value  of  0  =  3.4 
For  Corliss  engines,  Fig.  32: 

mean  value  of  0  =  4.40 

maximum  value  of  0  =  5.25 

minimum  value  of  0  =  3.25 

The  relation  between  the  width  of  the  face  and  tlu>  outside 

diameter  of  the  fly  wheel  may  be  expressed  by 

w=:C  (D,-B) 
or  w  =  ODi-K 
where  w  =:  the  width  of  face  of  fly  wheel ;  and  Di  the  diameter 
in  inches. 
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For  high  speed  engines,  Fig.  33 : 

B  =  18 
mean  value  of  C  =  .31 
maximum  value  of  C  =^  .46 
minimum  value  of  C  =  .24 
The  corresponding  values  of  K  are 

mean  value  of  K  =  5.6 
maximum  value  of  K  =  8.8 
minimum  value  of  K  ==  4.3 
For  Corliss  engines,  Fig.  34: 

w  =  C  (D,-B) 
or  V  =  CD,-K 

B  =  50 
mean  value  of  C  =  .22 
maximum  value  of  C  =:  .30 
minimum  value  of  C  =  .18 
The  eoi"resy)()iHling  values  of  K  are 

mean  value  of  K  =  13 
.maximum  value  of  K^]5 
mininnun  value  of  K  =    9 

Belt  Surface  per  I.  H.  P. 
The  I'elation  between  the  number  of  square  feet  of  belt  sur- 
face per  minute  and  the  Horse  Power  of  an  engine  may  be  ex- 
})ressed  by 

S  =  C  X  11.  P. 
wliere  S  =:  the  velocity  of  Hy  wheel  rim    in     feet    per    minnte 
multiplied  by  the  width  of  belt  in  feet. 
For  high  speed  engines.  Fig.  35: 

mean  value  of  C  ==  26.5 
maximum  value  of  C  =:  55. 
mininnun  value  of  C  =  10. 
For  Corliss  engines,  Fig.  36.     This  relation  seems  better  ex- 
])ressed  by 

s  =  c  X  n.  P.  +  B 

B  =  1,000 

mean  value  of  C  =  21 
maximum  value  of  C  =  35 
minimum  value  of  C  =  18.2 
[5T] 
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Velocity  of  Wheel  Eim 

Velocity  of  fly  wheel  rim  in  feet  per  second. 
For  high  speed  engines : 

mean  velocity  =^  70  feet  per  sec. 
maximum  velocity  ^  82  feet  per  sec. 
minimum  velocity  =  48  feet  per  sec. 
For  Corliss  engines : 

mean  velocity  =  68  feet  per  sec. 
maximum  velocity  =  82  feet  per  sec. 
minimum  velocity  =  40  feet  per  sec. 

WEIGHT  OF  RECIPROCATING  PARTS 

In  this  investigation  the  weight  of  the  reciprocating  parts 
was  assumed  to  be  directly  proportional  to  the  pressure  on  the 
piston  and  inversely  proportional  to  the  length  of  the  stroke 
and  to  the  square  of  the  number  of  revolutions.  Putting  this 
in  the  form  of  a  fonnula  and  remembering  that  the  total  pres- 
sure on  the  piston  varies  as  D-,  the  above  relation  gives  the 
expression 

where  W  =  the  weight  of  the  reciprocating  parts,  composed  of 
the  weight  of  the  piston,  piston  rod,  crosshead,  and  1/2  the  weight 
of  the  connecting  rod;  D  =  diameter  of  piston;  L  =  the  length 
of  stroke  in  inches;  and  N  =:  the  number  of  revolutions  per 
minute. 

Data  for  plotting  was  obtained  for  high  speed  engines  only, 
mean  value  of  C  =  2,000,000,  Fig.  37 
maxinnmi  value  of  C  =  3,400,000 
minimum  value  of  C  =  1,370,000. 
For  the  cases  where  the  information  was  obtainable,  the  bal- 
ance weight  opposite  crank  pin  was  found  to  be  about  75%  of 
the  weight  of  the  reciprocating  parts. 
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WEIGHT  OF  ENGINE  PER  I.  11.  V. 

The  relation  between  the  total  weight  of  the  engine  and  tin- 
nnniber  of  Horse  Power  may  be  expressed  by 

W  =  C  X  H.  P. 
where  W  =  the  total  weight  of  the  engine. 

For  belt  connected  high  speed  engines,  Fig.  38 : 
mean  value  of  C  =    82 
maximum  value  of  C  =  120 
mininnim  value  of  C  =    52 
For  direct  connected  engines,  the  weight  of  the  engine  without 
the  generator  was  foimd  to  be  from  10  to  25%    greater  than 
the  Aveight  of  belt  connected  engines  of  the  same  capacity. 
For  Corliss  engines,  Fig.  39 : 

W  =  C  X  H.  P. 
mean  value  of  C  =  132 
maximum  value  of  C  :^  164 
minimum  value  of  C  =  l(>2 

RELATION  BETWEEN  AREA  OF  BED  AND  I.  II.  P. 

The  relation  between  the  number  of  siiuare  feet  of  area  oc- 
cupied by  the  bed  of  engine  and  the  Horse  Power  may  be  ex- 
pressed by 

A  =  C  X  H.  P.  +  B 
For  high  speed  engines.  Fig.  40: 

B  =  10 
mean  value  of  C  =  .32 
maximum  value  of  C  =  .44 
minimum  value  of  C  =  .20 
This  area  may   be  increasid  by  from   15   to  25%    for  direct 
connected  engines. 

For  Corliss  engines,  Fig.  41 : 

B==SO 
mean  value  of  C  =  .6. 
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CON'CLUSIOX 

A  C'onii)arison  of  the  results  obtained  from  this  investigation 
and  those  obtained  from  a  similar  investigation  carried  out 
at  Cornell  University  ten  years  ago/  reveals  several  interesting 
features.  It  shows  that  there  has  been  a  gradual  change  during 
the  last  decade,  in  the  coefficients  and  factors  of  safety  used 
in  the  design  of  the  steam  engine.  It  also  shows  how  these 
coefficients  and  constants  have  been  modified  to  meet  existing 
conditions,  and  although  there  is  still  a  great  variation  as  to 
the  practice  among  the  different  builders,  in  proportioning 
the  different  parts,  there  appears,  however,  on  the  whole  to  be 
a  somewhat  greater  uniformity  in  this  respect  now  than  form- 
erly. 

The  steam  pressure  iLsed  and  assumed  constant  in  this  ex- 
amination is  125  pounds  per  square  inch  as  against  100  pounds 
iji  the  former  discussion.  Notwithstanding  this,  the  constants 
obtained  in  the  two  different  discussions  show  in  many  instances 
a  remarkably  close  similarity.  The  changes  thrt  have  taken 
place  seem  to  have  been  in  direct  accordance  with  the  increase 
in  pressure  and  speed. 

In  such  parts  as  the  piston  rod.  which  can  be  based  on  rational 
treatment  and  designed  for  strength  and  rigidity,  the  results 
agree  very  c'osely.  The  results  also  agree  very  closely  in  the 
case  of  the  connecting  rods  of  the  low  speed  engines.  In  the 
ca.se  of  the  connecting  rods  of  the  high  speed  engines  there  is 
an  increase  in  the  mean  value  of  the  factor  C  in  the  expression 
b  =  C  VDL^  from  .057  as  found  ])y  Professor  Barr  to  .073  as 
foimd  in  the  present  discussion.  This,  since  the  factor  of 
safety  varies  as  the  fourth  power  of  the  factor  C.  more  than 
doubles  the  factor  of  safety.  It  increases  from  27  to  60.  While 
a  factor  of  safety  of  60  seems  unnecessarily  large  and  uncalled 
for.  it  may  partly  be  accounted  for  by  the  increased  steam 
pressure  and  speed  used  in  recent  years. 

The  relation  between  the  thickness  of  the  cylinder  walls  and 
diameter  of  cylinder  is  practically  the  same  now  as  formerly. 

'  'Jniiis.  A.  s.   u    i:  .  IS  ■-?,-:. 
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The  area  of  the  erosshead  shoes  presents  some  differences. 
The  present  investigation  shows  the  relation  between  the  area 
of  the  erosshead  shoes  and  the  area  of  the  piston  to  be  the 
same  for  both  hiiih  speed  and  Corliss  engines  and  gives  a  value 
which  is  about  half  way  between  what  was  found  to  be  current 
practice  for  high  speed  and  low  speed  engines  ten  years  ago. 
The  present  value  of  C  in  the  relation  a  =  CA  gives  C  =  .53 
for  both  high  speed  and  low  speed  engines  as  against  C  ==  .63 
for  high  speed  and  C  =  .46  for  low  speed  engines  in  the  previous 
examination.  This  gives  an  increase  of  about  45%  in  the  imit 
bearing  pressure  on  erosshead  shoes  in  the  case  of  high  speed 
engines  and  an  increase  of  about  8%  in  Corliss  engines  over 
what  was  formerly  found  to  exist.  Improved  methods  of  lubrica- 
tion probably  account  for  this  in  part. 

In  treating  the  crank  pin  and  erosshead  pin  in  the  present 
discussion  it  was  deemed  more  satisfactory  to  consider  them  on 
the  basis  of  strength  rather  than  on  the  basis  of  bearing  pres- 
sures and  friction  alone  as  was  done  in  the  former  discussion. 
The  ratio  of  length  to  diameter  of  the  erosshead  pin  is  found 
to  be  practically  the  same  now  as  fonnerly.  Owing  to  the  dif- 
ference in  the  method  of  treatment  of  the  erosshead  pin,  the 
result  obtained  in  the  two  cases  can  not  be  compared  directly. 
but  by  substituting  the  mean  values  as  found  in  this  present 
investigation,  the  mean  value  for  an  expression  similar  to  the 
one   used  by   Professor  Barr  can   be   obtained.     Kiunving  that 

Z  =  1.25d 
and  that  d  =    .25  D 
these  values  can  be  substituted  in  the  expression  a  =:  ?  d  =  CA 
as  used  by  Professor  Barr  and  the  corresponding  value  of  C 
found.     From  the  above  expression 

„  _  W  _  1.25  d  X  d         1  25  X  -25  D  X  .25  D  _    ,  . 
^  -  A  -      n'i  D-'  7f8W^ -  -^^ 

The  mean  value  of  C  as  found  by  Professor  Ban-  was  .08. 
This  shows  a  slight  increase  in  the  ratio  between  the  projected 
area  of  the  erosshead  pin  and  the  area  of  the  piston. 

In   order  to  obtain    a   ('(Mii])ai-ison    for  the   ci'nnlc  ])in,    values 
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for   high   speed    engines    were    plotted    for    the    equation    /  = 

H  P 
C  X  —  V  -'  +  B  as  used  by  Professor   Barr,  where  I  =  length 

of  crank  p;n;  and  L  =  length  of  stroke.     The  results  are  shown 
in  Fig.  •42. 

B  =  1.6  in. 

mean  value  of  C  =  .28 

maximum  value  of  C  =  .35 

minimum  value  of  C  =  .14 

The  corresponding  values  obtained  by  Professor  Barr  are 

B  =  2.5  in. 
mean  value  of  C  =  .30 
maximum  value  of  C  =  .46 
minimum  value  of  C  =  .13. 
These  values  show  that  for  the  same  Horse  Power  and  length 
of  stroke  there  is  a  considerable  reduction  in  the  length  of  the 
crank  pin.     This  figure  also  shows  that  there  exists,  among  the 
different  engine  buildei"s.   a  much  greater  uniformity  in   pro- 
portioning the  crank  pin  now  than  formerly.     In  treating  the 
crank  pin  for  strength,  however,  as  was  done  in  the  present 
investigation,  there  is,  as  shown  by  Fig.  20.  even  a  greater  uni- 
formity exhibited  than  is  sho\\'n  by  Fig.  42. 

The  ratio  of  length  to  diameter  of  main  journals  is  almost 
identical  in  the  two  eases.  And  so  also  is  the  ratio  of  projected 
area  of  journals  to  the  area  of  the  piston.     In  the  expression 


d  =  C  -.yiliJ-:    there  is  in  the  case  of  the  high  speed  engines  a 

1/  iN 

decrease  in  the  coefficient  C  from  7.3  to  6.6  which  gives  a  cor- 
responding decrease  in  the  diameter.  In  the  case  of  the  Corliss 
engines  a  comparison  of  the  diagrams  shows  that  there  has  not 
been  much  change  in  the  value  of  the  diameter  of  main  journals 
although  the  above  relation  seems  to  be  better  expressed  in  a 
slightly  different  manner  at  the  present  time. 

In  the  case  of  the  weight  of  tly  wheel,  if  Professor  Barr  in 
his  examination  used  the  weight  of  rim  of  fly  wheel  only,  then 
there  is  no  comparison  between  the  results  obtained  then  and 
now.  But  if  the  total  weight  of  wheel  was  used  in  plotting, 
in  the  former  case,  then   for  engines  up  to  about   175   Horse 
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Power  there  is  a  fairly  close  similarity  iu  the  two  cases,  the 
present  tendency  showing  an  increase  in  the  weight  of  fly 
wheels,  a  condition  resulting  no  donbt  from  the  exacting  re- 
quirements of  speed  regulation  of  recent  years. 

The  velocity  of  fly  wheel  rim  is  practicallj-  the  same  now  as 
formerly.  In  the  case  of  the  number  of  square  feet  of  belt 
surface  per  Horse  Power,  there  is  a  great  reduction  in  the 
factor  C  in  the  relation  S  =  C  X  H.  P.  In  the  case  of  the  high 
speed  engines,  C  has  a  value  of  26.5  now  as  against  55  in  the 
former  discussion.  This,  seeing  that  the  velocity  "of  the  fly 
wheel  rim  is  the  same  now  as  formerly,  must  mean  a  decrease 
in  width  and  a  corresponding  increase  in  thickness  of  belts 
used  for  the  same  amount  of  power  transmitted,  at  the  present 
time. 

In    the    expression    w  ==  C    — ^'  -  for    the    weiuht   of   the    re- 

ciprocatiug  parts,  C  shows  an  increase  from  a  value  of  1,860,000 
ten  years  ago  to  a  value  of  2,000,000  at  the  present  time. 

The  weight  of  the  engine  per  Horse  Power  shows  a  decrease 
of  29%  in  the  case  of  the  high  speed  engines  and  a  decrease 
of  25%  in  the  Corliss  engines  below  what  it  formerly  was.  The 
'•onstants  in  the  relation  w  =:  C  X  H.  P.  are  82  and  132  now  as 
against  115  and  175  in  the  former  discussion,  for  the  high  speed 
and  Corliss  engines,  respectively.  In  fact,  lightness  of  con- 
struction, good  workmanship  and  materials  of  the  greatest 
strength  and  durability  are  among  the  factors  which  have 
brought  about  the  improvement  of  the  steam  engine  and  made 
possible   the   fulfillment   of   the  present   day   requirements. 
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UNIVERSITY  OF  WISCONSIN 

MADISON 

DEPARTMENT  OF  STEAM  ENGINEERING 

Storm  Box,  Professor. 

Thesis  Investigating  on  the  Current  Practice  in  Proportioning 
Steam  Engine  Parts,  by  0.  N.  Tiooien. 

(Manufacturer) 
(Address) 

Gentlemen : — In  view  of  the  fact  that  there  is  very  little  data 
published  regarding  current  practice  in  proportioning  steam 
engines,  we  are  attempting  to  compile  such  information  as  may 
be  available  and  wish  to  secure  your  cooperation  in  the  matter. 

Other  objects  in  view  are  to  add,  if  possible,  some  informa- 
tion which  may  assist  in  establishing  a  uniform  basis  for  design, 
to  obtain  safe  values  from  achnowledged  successful  practice, 
and  to  express  the  constants  that  are  thus  derived  in  mathe- 
mathical  form,  and  in  this  way  make  data  available  for  use, 
which  will  bring  theory  and  practice  into  closer  and  more  inti- 
mate contact. 

In  order  to  handle  a  problem  of  this  nature  in  a  satisfactory 
manner,  a  laiowledge  of  the  details  of  the  various  engine  parts 
is  essential.  For  this  reason  we  are  asking  a  series  of  questions, 
which  are  enclosed,  and  also  desire  blue  prints  of  such  parts 
as  the  piston,  crasshead,  connecting  rod,  governor,  etc. 

If  you  will  kindly  enclose  as  many  such  prints  as  possible 
and  give  the  inforination  requested  regarding  the  various 
engine  parts,  as  well  as  such  formulas  and  constants  as  you  are 
accustomed  to  use  in  your  design,  we  shall  api>rociate  this  as- 
sistance very  highly. 

Youi-s  respectfully, 
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Kind  of  engine,  horizontal  or  vertical 

Used  for  electric   lighting? ... 

Direct  connected  ?    

■Center  crank  or  side  crank  ?    

Length  of  stroke   

Diameter  of  cylinder   

Initial  pressure    

Most  economical  point  of  cut-oft' 

I.  H.  P.  of  engine 

B.  H.  P.  of  engine   

K.  P.  ]M.  of  engine    

Size  of  steam  pipe   

Size  of  exhaust  pipe  

Total  length  of  engine  frame    

Total  width  of  engine  frame   

Total  weight  of  engine  complete    ..... 


CYLINDER 

Material    used    

Ultimate  strength  of  material  used    

Thickness  of  cylinder  walls 

Separate  liner  used  for  cylinder?     If  so,  thickness  of  same.  .  .  . 

Thickness  of  cylinder  flange  for  holding  cylinder  covers   

Thickness  of  cylinder  head  at  center   

Thickness  of  cylinder  head  where  bolted  to  cylinder 

Distance  between   p'ston   and  cylinder  head  when   piston   is  at 

end   of   stroke    

Total  clearance  in  per  cent,  of  cylinder  volume 

Diameter  of  bolt  circle  in  cylinder  head   

No.  of  bolts    

Diameter  of  bolts    

If  steam  jacket  is  used,  width  of  steam  space 

Thickness  of  steam  jacket  wall   

Diameter  of  cylinder  drain  pipes   

Size  of  relief  valves,  if  anv 
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PISTON 

Type   of  piston    used    

Material  used   

Thickness  of  shell  if  box  type  piston  is  used  

Least  thickness  of  piston  if  soLd  type  is  nsed 

Width  of  face  of  piston   

Depth  of  slots  for  rings   

No.  of  rings   

Width  of  rings    

Outside  diameter  of  rings  before  being  cut    

Greatest   thickness  of  rings    

Least  thickness  of  rings    

PISTON  ROD  - 

Material  used   

Diameter    

Total  length,  end  to  end    

Length  between  piston  and  crosshead 

Piston  rod  end,  how  fastened  to  piston 

Piston  rod  end,  how  fastened  to  crosshead  

CROSSHEAD 

Material  used  in  main  part    

Material  used  in  bearing  part    

Length  of  crosshead  shoes   

Width   of  r-rosslicnd   sIkk^s    

GUIDES 

Material  used  in  main  part   

Material  used  in  bearing  part    

CROSSHEAD   PIN 

Material  used    

Total  length    

Length   of   bearing   part    

Diniiictcr  of  bcai'iiig   ])art    
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CONNECTING  ROD 

Material  used   

Total  length    

If  of  circular  section,  diameter  near  crosshead   

Diameter  near  crank  pin    

Diameter  at  middle    

If  of  rectangular  section,  height  of  section  near  crosshead.  .  .  . 

Breadth  of  section  near  crosshead 

Height  of  section  near  crank  p!n   

Breadth  of  section  near  crank  pin    

If  strap  connection  is  used,  width  of  strap   

Thickness   of  strap    

jMaterial  used  for  strap    . 

Wearing  material  used  for  bcxes    

CRANK  PIN 

Material  used    

Total  length    

Length   of  bearing   part    

Diameter  of  bearing  part    

How  fastened  to  crank  arms  


CRANK  ARMS  OR  DISCS 

Material  used    

If  crank  arms  are  used,  dimensions  of  least  cross-section 

If  cratik  discs  ai-c  used,  width  of  same 

Total   amount  of  ])a]rince  weight  for  each  disc  :f  center  crank 

Total  aiiioiiut  of  l)a';iii(T  wcii:lit  if  side  crank   

Distiiiice  of  center  of  gravity  of  balance  weight  from  center  of 
crank  shaft    
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CRANK  SHAFT 

Material  used 

Total  length    

Length  of  both  journals . 

Diameter  of  both  journals   

Diameter  of  shaft  where  fly  wheel  is  attached 

Distance  from  center  to  center  of  journals 

Wearing  materials  used  in  boxes 

FLY  WHEELS 

Outside  diameter   

Width  of  face   

Thickness  of  rim   ^ 

Thickness  of  flanges  of  rim.  if  any 

Thickness  of  metal  of  hub   

Length  of  hub    

No.   of   spokes    

Taper  of  spokes  

Least  cross-sectional  area  of  spoke 

Greatest  dimension  of  this  area   

Least  dimension  of  this  area   

One  or  two  fly  wheels  used?  

Total  weight  of  one  wheel 

Horizontal  distances  between  centers  of  fly  wheels  and  center 
line  of  engine    

VALVE  ROD 

Material  used   

Length  of  rod    

Diameter  of  rod    

Le^th  of  rocker  arm  if  used 

ECCENTRIC  ROD 

Material  used   

Length  (►f  rod    

Dijimeter   of   rod    

[78] 


TROOIEN STEAM  ENGINE  DESIGN  411 

ECCEXTKIC  SHEAVE 

Material  used   

Diameter    

Thickness    

Eccentricity   of   eccentric    

Diameter  of  crank  shaft  where  eccentric  is  attached 

ECCENTRIC  STRAP 

Material  used   

Thickness  of  maximum  cross-section   

Thickness  of  minimum  cross-section   

Width   of  flanges    

Thickness  of  flanges   

PENDULUM  GOVERNOR 

(See   accompanying   diagram) 

Kind  of  governor  used 

No.  of  balls 

Weight  of  one  ball    

Weight  of  central  load  on  spindle  . 

At  what  speed  will  governor  begin  to  act  ? 

Give  values  for  (r)  and  (h)  at  this  point   

At  what  speed  will  governor  reach  its  upper  limit  f 

Giv2  values  for  R  and  H  at  this  point 

SHAFT  GOVERNOR 

(See    accompanying   diagram) 

Weight    (A)  suspended  in  each  arm    

Total  weight  (including  arm  and  weights  A)    

Distance  of  point  of  suspension  of  arm  from  center  of  crank 

shaft   (0  B)    

Distance  of  center  of  gravity  of  weights   (A)   from  center  of 

crank  shaft    
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Length  (h)  of  lever  arm  of  spring 

Angle  that  spring  makes  with  normal  to  lever  arm  .  .  .  . 

Diameter  of  wire  used  for  helical  springs 

Outside  diameter  of  coil   used    

No.  of  turns  of  wire  used   

Movement  of  arm — is  it  caused  by  centrifugal  force?  .  . 

or  angular  acceleration  ?    

or  tangential   acceleration? 

Angle  of  advance   ( A  )  of  the  eccentric   

Area    of   steam    port    

Width  of  steam  port 

Area  of  exhaust  port  when  separate  from  steam  port  .  . 

Width  of  same  

Volume  of  steam  chest  

Thickness  of  steam  chest  wall 

Type  of  valve  used    

Total  travel  of  valve    

Inside  lap    

Outside  lap   

Amount  of  lead  used    

Angle  of  advance  of  eccentric   
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CHAPTER  I 
HISTORICAL 

The  science  of  electromagnetism  received  its  inception  when 
Hans  Christian  Oersted,  a  Danish  physicist,  discovered  on  July 
21.  1820.  the  effect  produced  upon  a  magnetic  needle  by  the 
passage  near  it  of  an  electric  current.  This  discovery  stimu- 
lated Andre  Marie  Ampere,  who  made  public,  in  1822,  his  laws 
of  parallel  currents :  and  Michael  Faraday,  who  described  first 
the  revolution  of  a  magnet  around  an  electric  current,  and  later 
his  famous  "Faraday  di.sc"'  experiment. 

Dominique  Francois  Arago^  in  1825,  made  a  magnetic  needle 
follow  the  revolutions  of  a  copper  disc  beneath  it. 

Then  follows  a  long  imfruitful  period,  until  in  1879.  Walter 
Baily-  by  the  progressive  shifting  of  the  poles  of  two  two-pole 
electro-magnets  caused  the  rotation  of  a  copper  disc  suspended 
above  them.  He  employed  two  battery  circuits  commutated  at 
regular  intervals  although  he  mentions  that  polyphase  currents 
could  well  l)e  used. 

IMarcel  Deprez''  in  1883  published  a  theorem  on  the  true  rotary' 
magnetic  field  produced  by  two  alternating  fields  with  a  quarter 
I)eriod  phase  difference. 

Then  follows  the  bitter  discussion  of  the  Tesla-Ferraris  con- 
troversy, the  fundfimcntal   features  of  wliich  appear  to  be  the 


^  Annales  de  ehcmie  et  de  phi/siqiie,  24:  .363   (1824)  ;  2S:  37.5   (1825). 
^  Phil.    Mfig..   vol.    8.    No.   40.    p.    2.S(!. 
Tomptes  Rendus,  1883,   p.   1103. 

[417] 


6  BUIJLETIN  OF  THE  UNIVERSITY  OF  WISCONSIN 

folloM-ing:  Galileo  Ferraris,*  having  by  1885  independently 
evolved  the  ideas  of  Baily  and  Deprez,  built  a  motor  but  fa. led 
to  publish  until  1888.  His  machine  was  two-phase,  the  second 
one  being  produced  by  an  inductance  in  one  circuit,  the  "Phase- 
splitter"  from  which  Tesla  obtained  much  credit.  The  model 
used  by  Ferraris  developed  only  a  watt  output  of  2.77  watts, 
and  of  it  he  says :"  It  is  at  once  evident  and  it  also  results  from 
considerations  which  I  shall  go  into  later  on  that  a  motor  thus 
constructed  [he  used  a  copper  cylinder]  would  not  be  of  any 
importance  as  a  means  of  transforming  electrical  energy." 
Though  he  regarded  it  as  a  toy,  he  suggested  its  use  as  a  meter, 
and  gave  the  idea  of  slip,  showing  also  that  the  current  in  the 
rotating  secondary  varies  with  the  sLp. 

Nicola  Tesla  applied  for  in  1887,  and  received  in  1888,  a  great 
number  of  patents  on  polyphase  motors,  underlying  which, 
however,  was  but  the  one  idea  of  rotating  magnetic  fields.  Thus, 
in  spite  of  the  great  advance  in  the  commercial  development 
which  is  largely  due  to  Tesla,  the  invention  cannot  l)e  claimed 
for  him. 

Charles  S.  Bradley's  patents  of  1887,  1888  and  1889,  de- 
scribed generators  and  motoi-s  of  two  and  (1889)  three  phases, 
the  rotary  field  being  described  in  October,  1888.  His  machines 
were  Gramme  rings  with  equidistant  taps  brought  out  to  slip 
rings. 

The  three  phase  Lauffen-Frankfort  transmission  in  1891  of 
about  100  H.  P."  over  110  miles  of  millimeter  wire,  at  a  fre- 
quency of  30  to  40  cycles  per  second  and  a  pressure  of  8,500 
volts,  had  an  average  efficiency  of  74  per  cent.  It  was  a  very 
bold  attempt  and  awakened  great  interest  not  only  in  the  pos- 
sibilities of  long  distance  transmission  but  in  those  of  poly- 
phase motors  as  well,  since  induction  motors  were  used  to  de- 
velop power  at  the  point  of  delivery. 

In  1895,  Alexander  Heyland"'  publshed  nn  account  of  a 
simplified  relation  between  the  vectors  of  an  induction  motor 
wliich  gave  an  approximation  only  but  which  tallied  very  satis- 


*Atti  di  Torino,  Mar.    18.   1888. 

^  ElektrotechnLsche  Zeltschrift,  1895,  p.  (MO. 
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factorily  with  the  experiments  he  made  on  motors  up  to  ten 
horse  power.     He  offered  no  complete  mathematical  proof. 

B.  A.  Behrend®  gave  independently  a  more  rigorous  proof  of 
the  relations  of  the  vectors  to  a  circle.  Since,  however,  he  very 
gracefully  withdraws  his  claims  to  priority  and  since  develop- 
ment has  followed  more  particularly  the  lines  laid  down  by 
Heyland,  this  discussion  will  take  up  more  particularh-  Hey- 
land's  figures. 

Julius  Heubach,  Karl  Kuhlmann,  Ossanna,  Adolph  Thomalin, 
and  Hugo  Grob  have  further  developed  the  circle  diagrams 
and  their  work  will  be  sho^^^l  later. 

Heyland 's  Diagrams 

Heyland  realized  the  accurate  relations  of  primary  to  second- 
ary current.  (See  Plate  I.)  Here  AC  represents  the  primary 
current,  I^ ;  AC  represents  the  magnetizing  current,  Im ;  and 
c'C  represents  the  secondary  current,  I,.  For  accuracy  the 
length  c'C  must  be  determined  as  the  length  of  a  line  through 
C  between  its  intersections  with  the  semi-circles  CCD  and 
Cc'A.     The  pressure  line  is  AE. 

Heyland  neglects  primary  res  stance  in  his  electrical  calcula- 
tions and  sets  I^  =  lo.  This  is  for  purposes  of  simplification 
and  is  not  such  a  violent  assumption  as  might  appear  at  first 
sight,  since  CD  is  always  verv-  large  as  compared  wnth  AC. 

"This  gives  us  the  law:  In  induction  motors  the  relations  be- 
tween pressure  and  phase  displacement  may  be  represented  by 
a  vector  diagram  in  which  the  vector,  changing  with  the  load 
which  represents  the  current,  is  defined,  in  that  its  free  terminus 
moves  upon  a  circle  whose  position  is  defined  through  the  rela- 
tion 

A  D  _  Magnetic  Resistance  Strayfield 
A  C  ~  Magnetic  Kesislance  Kotorfield 

Plate  I,  shows  AB  the  pressure  line;  AC  the  magnetizing 
current;  CC°  the  energy  component,  their  resultant  AC°  being 
the  no-load  current.     The  length  CC°  represents  "The  constant 


'Hid.,  Feb.  1896. 
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friction  and  iron  losses,  and  the  copper  loss  of  the  magnetizing 
current."  Ii  =  AC';  Io  =  C°C';  the  angle  of  phase  displace- 
ment is  the  angle  BAG'. 

Draw  DC,  subtract  along  th's  line  a  length  proportional  to 
I^Ri,  giving  the  point  E';  and  from  DE'  subtract  loRo  giving 
F'.  Draw  circles  through  DE'C  and  DF'C  with  centers  on  a  per- 
pendicular dropped  from  Oc 

A  perpendicular  let  fall  from  C  at  any  load  represents  elec- 
trical input,  since  in  any  triangle  with  constant  base  the  area 
is  proportional  to  the  altitude. 

Primary  stray  flux  really  C'A  is  assumed  by  Heyland  to  be 
equal  to  CC  which  is  the  case  when  AC  becomes  zero.  In  the 
triangle  DCC,  therefore,  the  electric  input  varies  as  the  area, 
since  it  is  equal  to  rotor  flux  times  primary  stray  flux.  Since 
the  base  CD  is  constant,  the  electric  input  varies  as  the  altitude 
of  the  triangle  DCC. 

Similarly,  perpendiculars  dropped  from  E'  and  F'  represent 
torciue  and  power  output,  but  the  constant  losses  CC°  must 
be  subtracted,  giving  torque  equal  to  E'e';  power  equal  to 
F'f.' 

The  maximum  power  output  does  not  coincide  with  the  maxi- 
mimi  power  input  nor  with  the  maxinuuu  current  in  primary 
nor  secondary. 

As  C  swings  around  counter-clockwise  E'  and  F'  also  re- 
volve and  the  maximum  power  output  occurs  when  F'  reaches 
the  perpendicular  through  0,..  Further  increase  in  current 
decreases  the  output  until  the  output  becomes  zero,  when  F' 
and  D  coincide,  the  motor  comes  to  a  standstill,  E'  and  C  as- 
sume the  positions  E''  and  C/  such  that  DC  is  perpendicular  to 
OfD,  that  is,  tangent  to  the  power  circle.  The  perpendicular 
from  ¥j^  represents  starting  torque,  that  from  C  power  input 
while  AC  and  CoC"  represent  Ij,  and  lo  rcvspectively  . 

Slip  is  the  raf.o    S^  ^j^-^,  ^j^^^g  ^_  jg  2;r     times  the  pri- 

mary  frequency  in  cycles  per  second,  and  (o,  corresponds  for 
the  secondary  frequency.  Since  the  frequency  of  the  secondary 
depends  upon  its  speed  of  rotation,  at  standstill  wo  =  0  and 
S  =  10(1  per  cent. 
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If  we  lay  off  SC  perpendicular  to  OgD,  we  may  divide  SC 
into  100  alloquot  parts,  each  of  which  represents  1%  slip,  which 
may  therefore  be  read  off  directly  for  any  load  as  the  distance 
sS'  along  sC  from  the  base  line  AD  to  the  intersection  with  the 
line  DC  for  that  load.  Approximately  Y'C  represents  the  effi- 
ciency at  the  same  load  since  YY'  represents  the  losses. 

This  figure  is  the  one  commonly  intended  when  Heyland's 
diagram  is  mentioned. 

The  power  factor  cos  <f>  is  of  course  a  maximum  when  AC 
comes  nearest  to  AB,  that  is  when  it  is  tangent  to  the  circle  Oc 

"The  characteristic  of  the  induction  motor  is  known  that,  if 
driven  above  synchronism,  it  works  as  a  generator"  and  delivers 
current  in  a  manner  analogous  to  the  direct  current  shunt 
machine.  It  is  interesting  that  the  d  agram  gives  explana- 
tion of  these  relations  simply  by  completing  the  circles  to  the  left 
of  AD — . ' '  Plate  II.  ' '  The  electric  energy  delivered  by  the  genera- 
tor at  the  same  phase  angle  is  exactly  ec^ual  to  the  electric 
energy  delivered  to  the  motor,  [This  is  not  accurate]  The 
mechan.cal  power  becomes  naturally  considerably  higher  and 
indeed  as  is  easily  seen  by  twice  the  losses  since  now  all  losses 
are  added  to  the  electric  power  which  were  formerly  subtracted 
from  it."^ 

He  plots  curves  of  all  quantities  with  respect  to  mechanical 
power,  but  since  all  later  writers  plot  with  respect  to  slip  the 
consideration  of  his  curves  is  not  of  the  highest  importance. 
He  makes  no  explanation  of  the  phenomena  from  -)-  100%  to  oo 
nor  from  oo  to  — 100%  simply  saying  that  from  o  to  +  100% 
slip  the  machine  functions  as  a  motor  and  everywhere  else  as 
a  generator.  Some  power  could  conceivably  be  abstracted  from 


■See  Danielson,   Elec.   World,  189.3,  21:   44. 

'Ernst  Danielson,  Westeras,  Sweden,  gave  in  Electrical  M'orld  for  .Jan.  21. 
189.3,  a  descript'on  of  experiments  performed  by  him.  Having  a  tliree  pliase 
induction  motor  on  a  synchronous  generator,  he  reversed  tlie  power  and  the 
synchronous  machine  ran  as  a.  motor.  "This  field  is  capable  of  maintaining 
the  current,  provided  the  conditions  in  the  external  circuit  are  such  that  the 
current  comes  in  advance  of  the  Induced  E.  M.  F.  These  conditions  can  he 
fu'fllled  by  having  a  regular  three  phase  generator  in  circuit,  or  by  condens- 
ors.  It  would,  be  Impossible  to  have  the  motor  act  as  a  generator  on  a  reg- 
ular lamp  circuit  or  on  a  circuit  with  self  induction."  He  took  no  quantitative 
•  observations. 
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the  rotating  secondary,  electrically,  but  the  better  conception  is- 
that  from  -\-  100%  to  — 100%  slip  through  oo  the  machine  acts; 
merely  as  a  sink  of  energy  requiring  both  mechanical  and  elec- 
trical input  and  giving  no  output  except  heat. 


Plate  III. — HKun.\cii's  Diagram. 


IlEriucn's  Improvement 


Julius  llculiach  shows  his  (ipiuidu  as  to  the  magnitude  of  the 
pn)l)l('m  very  succinctly  in  the  ])ret"ace  to  his  book  D(r  Dnli- 
slronunoior. 

'■'rile  motor  iilthough  simple  in  its  nicclianical  I'clations  is 
correspondingly  coinplicalcd   in   the  clcclrical   phenomena  Avhich 
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occur  within  the  machine;  yes,  one  can  say  that  from  the  theo- 
retical standpoint,  the  asynchronous  (Induction)  motor  is  the 
most  difficult  problem  with  which  electrotechnics  has  to  deal." 

Plate  III  is  based  on  the  assumption  that  cos  cl).,  =  l,  and 
shows  the  condition  of  the  induction  machine  from  -f  oo  to  —  QO , 
the  circle  with  center  at  o  being  the  original  circle  used  by  Hey- 
land.  Heubach  considers  the  electrical  input  of  a  motor  and 
output  of  a  generator  as  being  on  a  circle  whose  center  is  at  q 
so  chosen  that  ep  shall  represent  the  losses  due  to  hysteresis 
and  eddy  currents.  The  line  ap,  therefore,  represents  I^ ;  the 
perpendicular  let  fall  from  p  to  ad  the  electrical  input :  ep  = 
hysteresis  and  eddy  current  losses ;  be  =  lo ;  perpendicular  from 
e  to  ad  =  electrical  input  minus  hysteresis  and  eddy  current 
losses.  Now  if  de  be  drawn  from  d  the  effective  flux  is  obtained, 
which  is  again  reduced  by  losses  due  to  leakage  in  stator  and 
in  rotor. 

Lavinu'  oft'  distances  ef  and  fir  such  that  r      =  R,  ^  tan  <  ebf 

be 

and  -^  =  R.,  =  tan  <  fbg 

b  r  "  • 

flux  values  df  and  dg  are  obtained  proportional  to  input  and 
output  of  the  secondary  respectively.  Next  lay  oft'  from  the 
line  ad  the  <  s  ob  c  =  ebf  =  a  and  oh/3  =  fbg  =  (3  and  'de- 
scril)e  circles  whose  centers  Le  on  the  points  of  intersection  of 
the  sides  ba  and  hfi  with  a  perpendicular  to  ad  from  the  point  o. 
Then  draw  a  straight  line  parallel  to  ad  and  at  such  a  distance 
as  to  represent  the  losses  due  to  bearing  friction  and  windage. 
Then  perpendicular's  let  fall  from  f  and  g  on  this  line  will  g.ve 
hy  their  length  values  of  torque  and  mechanical  powei'. 

Outi)ut  will  inci'ease  in  the  motor  as  p  swings  around  countei'- 
•clockwise  until  g  reaches  the  line  o([  prolonged,  its  maxinnun 
ordinate,  thereafter  though  I,  and  L  increase  the  output  decreases 
steadily  until,  when  the  line  de  becomes  tangent  to  the  circle 
whose  center  is  B,  the  output  becomes  zero  and  g  and  d  co- 
incide. This  is  the  point  of  standstill  or  100%  slip  and  a  line 
drawn  at  right  angles  to  cd  through  this  point  may  be  divided 
into  100  pai-ts,  each  of  which  i-epresents  1%  slip.  For  any  load 
the  slip  may  he  I'cad  directly  from  the  slii)-]iiu'.  or  any  ])i-opor- 
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tionally  divided  parallel  line,  being  the  lentitli  along  the  slip- 
line  from  ad  to  the  intersection  with  the  line  de  at  that  load. 

Heubach  says:  "This  figure  shows  the  Heyland  diagram  for  all 
possible  conditions  and  it  occurs  peculiarly  in  it,  that  the  scales 
for  positive  and  negative  slip  are  different.  This  peculiarity  is 
demanded  because  the  loss  of  potential  in  the  stator  winding  is . 
not  considered  with  entire  accuracy,  since  in  this  study  Stator — 
is  set  equal  to  Rotor —  current."  The  angle  of  inclination  of  the 
slip  line  is  of  course  the  same  for  positive  or  negative  slip.  On 
the  motor  side  the  intersection  of  the  slip  line  with  the  solid 
circle  is  the  point  of  100%  slip ;  while  on  the  generator  side  the 
point  of  100%  slip  is  the  intersection  with  the  dot-dash  circle 
whose  center  is  at  B. 

As  in  the  consideration  of  the  induction  machine  as  a  motor  sO' 
as  a  generator,  the  primary  current  I^  is  measured  from  a  to 
the  intersection  of  the  dash-double-dot  circle  with  a  perpendicu- 
lar from  ad  to  the  point  of  particular  load,  p'  to  ad  =::  electrical 
power  output ;  e'p'  =  loss  through  hysteresis  and  eddy  currents ; 
e'  to  ad  ^  total  electrical  power.  Drawing  de'  obtain  points 
f  and  g'  giving  the  increased  fields  df  and  dg'  which  must  be 
developed  to  care  for  the  stator  and  rotor  losses.  From  f  to 
the  line  parallel  to  ad  gives  the  resistance  moment  or  negative- 
torque,  while  from  g'  to  the  same  line  gives  mechanical  energy 
input.  lo  =  be',  I^  =  ab.  As  p'  revolves  counter-clockwise  the 
output  rises  to  a  maximum  over  point  o  and  comes  to  zero  Avhen 
point  p'  reaches  d. 

This  is  the  point  of  —  100%  slip  and  any  further  increase 
in  speed  throws  the  electrical  power  into  the  opposite  direction, 
i.  e.  both  mechanical  and  electrical  power  are  consumed  and  turned 
into  heat.  This  continues  from  — 100%  to  —  oo  slip  and  is  the 
same  condition  of  brake  or  sink  of  energy  as  is  found  from 
+  10070  to  +  X  slip. 

Ossanna's  Diagram  • 

Ossanna  has  done  a  great  deal  toward  the  elucidation  of  induc- 
tion motor  problems  by  his  diagram  published  in  1809." 


» Zeituchrift     filr     Elcktrotcchnik,    May,    1800.      Elcktrot-eclmischr     ZmtxrhriJ, 
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Of  it  Ossanna  himself  says,  "  .  .  .  it  is  strictly  accurate 
since  in  recognizing  the  voltage  drop  in  the  primary  winding, 
the  total  primary  current  and  not  merely  its  watt  component 
is  considered,  and  further  my  representation  of  slip,  torque, 
mechanical  power  and  efficiency  are  simpler  than  in  Heyland's 
diagram." 

M.  Breslauer  says  of  it,  "This  corrected  diagram  is  alone 
right  and  every  graphical  representation  must  be  based  upon 
it."^'' 

Karl  Kuhlmann  says :  ' '  The  Ossanna  diagram  in  its  ordinary 
form  [see  Plate  IV]  answers  the  following  question :  How 
does  an  asynchronous  polyphase  motor,  with  a  rotor  short-cir- 
cuited and  with  a  constant  coefficient  of  self-induction,  be- 
have?"" 

All  of  Ossanna 's  predecessors  had  built  up  diagrams  for  con- 
stant hack  e.  m.  f.  and  constant  angle  of  secondary  lag  angle 
02,  but  these  are  not  the  conditions  in  the  actual  motor  where 
we  have  instead  constant  impressed  e.  m.  f.  and  constant  sec- 
ondary inductance  Lo. 

Taking  up  the  figures  of  those  who  had  worked  before  him 
he  showed  them  to  be  inaccurate  although  convenient,  and  devel- 
oped his  accurate  figure.  In  this  constant  impressed  e.  m.  f., 
varying  1^,  slip,  and  efficiency  -q,  are  the  only  qualities  repre- 
sented since  the  loci  of  the  free  ends  of  the  flux  and  I2  vectors 
bear  no  simple  relation  to  the  rest  of  the  figure  although  they 
may  be  drawn  for  any  particular  load. 

Ossanna 's  development  follows: 

Take  A^  =  terminal  pressure 

K   =  reactance  of  primary  per  phase 

im  =     y-i 
A 

d     =  1  —  V,  v,  (where  v,    and  v„  are  less    than  unity.     Stray  fac- 
tors) 

Then  Xo  =  -Ul-  and  Yo  =  -il  ^ 

R  (radius)  =  -jl  jr -r-  • 

A  2a       (J 


^^  Eleklrotcchnifichc  ZeUschriff.   Mar.   .3,   irt04. 
^^  lUd.,  Apr.   18,  1901. 
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\\berea  =  l  +  — ^.—   •  -^  +    ^   j^. 


,=  i(l  +  .  +  .^^^) 


r  = 


1  2W, 
(J      A 


These  equations  deterniiue  the  circle  with  respect  to  the  axes. 


0 

a 

a' 

\ 

(    -^  I  \^ 

1                         ^                        ; 

^^^ 

^^^V« 

1 

A'     /f 

1 

/  / 

\^ 

Plate  IV. — Diagram  ok  Ossanxa. 


Torque. — To  obtain  values  of  loniue  instead  of  drawiuiT  an 
extra  circle  as  Heyland  does,  di'aw  tlie  line  \'>\^  whose  etiuation 
is  Z  =  rx  —  T 

(Z  is  ordinate,  x  abscissa) 

r  =  1  and  T  =    ,    •  

r  '^ 


K  —  w 


A' —  w, 
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Absolute  torque  in  meter-kilogrammes  may  be  obtained  as 
D  =  /-  ^1  .^  (k  -  w,  n  -\l  (y  -  z) 

(y  —  z)  r=:  the  distance  pd  in  the  figure  which  for  any.  load 
is  representative  of  torque. 

Mechauical  Power. — Draw  for  mechanical  power  the  line 
A0A2  whose  equation  is  Z^=:Vx  — u 


whei-e  \^ 


w 

n 
1 

+  w,,iv 

^^ 



K  — 

«'i 

V 

.^ti 

11 

K  ' 

a6 

-  +  w^i 

P 

y 
K  —  W 1      -    —  W  a  '  // 


r  w,«  +  (A"+9;rn,L,F  w, 


1       /z  \ *  /f  \ 
and  Wo'  =  !u'o  reduced   to  primary)  =  Wo  :j ^^  (  — )    (t^i 

_    /i     Wj-  -f  (A' +  27rnj  L,)-  7v-(-2n-niL, 

_    1       w,^  -f  (A"+  27rni  L^,^  _ 
^  ~  r((3  ■  A' 


The  absolute  value  in  watts  per  })hase 


=  ^11  (a-w,  -'-w.,'//)  4^(y 


A 

Here  (y  —  z)  =:  distance  pa  in  the  figure  which  is  propor- 
tional to  mechanical  power  for  any  load. 

Efficiency. — Parallel  to  the  ba.se  line  and  at  distances  yh  and  li 
draw  two  right  lines. 

yh  ^=  watt  component  of  I,  wlicli  represents  the  hysteresis  and 
eddy  current  lo.sse.s. 

All  electric  quantities  are  uieasui-ed  from  the  line  A, A,  (dis- 
tant yh  from  the  X  axis)  as  for  instance  pe  =  watts  input, 
0'P=-I,. 
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Call  the  point  of  intersection  of  A^  and  A.  n. 


Lay  off  along  the  line  distant  from  the  X  axis  yh  +  h  parts 
proportional  to  the  same  scale  as  the  line  h  and  with  the  inter- 

A 

section  Avith  Ao  as   zero.      This   will   represent   the   relation  — ^ 

which  is  effi-ciencv  ??  for  a  motor,    -    for  a  generator,  and  nega- 

'/ 

live  for  the  positions  of  sink  of  energy. 

Slip. — For  slip  draw  parallel  to  DD  a  line,  draw  tangent  to 
m  a  line  to  intersect  the  above  and  call  the  common  point  zero 
slip.  The  point  of  -|- 100%  slip  is  at  the  intersection  of  the 
slip  line  and  Ao  while  — 100%  is  at  an  equal  distance  the  other 
side  of  the  line  of  zero  slip.^-  To  obtain  the  per  cent  slip  for 
any  line  prolong  pm  to  the  slip  line  and  read.  Similarly  for 
%rj  draw  pn  t/O  the  efficiency  line  and  read. 

From  m  to  t  both  mechanical  and  electrical  power  are  re- 
quired to  be  put  in  and  there  is  no  output  but  heat.  At  t^  the 
primary  current  has  a  lag  of  90°  (cos^  :=  0)  and  I^  is  there- 
fore entirely  wattless,  this  being  about  the  only  place  in  electro- 
technics  where  a  lag  of  exactly  90°  can  be  obtained. 

From  t  to  t^  the  machine  acts  as  a  generator,  from  m  to  g  as  a 
motor,  and  from  g  to  t^  through  f  as  a  s'.nk  of  energy. 

Plate  IV  shows  a  motor  with  highly  exaggerated  leakage,  high 
resistance  in  both  primary  and  secondary,  and  large  iron  losses, 
so  that  all  the  parts  and  processes  may  be  made  more  clear. 

The  greatest  values  of  mechanical  power,  torque  and  electric 
poAver,  occur  at  points  where  the  perpendicular  to  the  lines 
Ao,  D,  and  Aj,  respectively,  have  their  greatest  lengths. 

The  difficulty  of  determining  the  distances  yo,  Xo,  yh  and  h 
and  the  points  m  and  n.  the  fact  that  secondary  current  and  the 
fluxes  are  not  represented  have  preventcnl  the  adoption  of  Os- 
sanna's  diagram  to  so  large  an  extent  as  its  accuracy  wonld  seem 


'^  The  point  of  —  100  per  cent,  slip  .ihoukl  bo  at  the  point  where  fm  prolonged 
ruts  the  sU'>  line,   but   (»ssanii;rs   fitrm-cs   s-Ikiw   an   error   in    tliis   point. 
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to  make  probable.  The  necessity  of  converting  experimental 
values  into  analytical  geometry  and  then  putting  that  into  a 
figure  also  obscures  the  direct  connection  of  machine  and  figure. 

Grob's  Diagram 

Hugo  Grob  describes  "  .  .  .  a  theoretically  absolutely 
correct  polyphase  induction  motor  diagram  which  has  no  neg- 
ligibilities other  than  the  inevitable  assumption  of  constant  per- 
meability of  the  iron;  of  sine  form  of  current,  pressure  and 
fields;  and  farther  the  not  cpiite  accurate  allowance  for  iron 
losses. '  '^" 

It  is  a  diagram  of  constant  terminal  pressure  and  the  main 
circle,  the  locus  of  the  free  terminus  of  primary  current  vector, 
is  the  same  as  Ossanna's  although  more  readily  located.  Hey- 
land's  approximate  diagram  is  easy  to  make  but  not  nearly 
accurate,  while  his  accurate  one  is  very  complicated.  Ossanna 
brings  to  bear  analytical  geometry  and  deduces  equations  for 
circle  and  lines  which  represent  primary  current,  phase  angle, 
output,  slip,  etc.,- but  has  not  the  fluxes  nor  secondary  current 
and  does  recpiire  some  not  inconsiderable  calculation. 

Grob  develops  his  diagram  without  using  analytical  geometry 
nor  higher  mathematics  as  follows : 

On  a  Ime  OZ  (Plate  V)  lay  off 

A-D  =   ■- —  OA  or  more  accurately 

^^"   T,+T, +  T,  T,   -^'"^ 

where  Ti  and  T,  are  the  usual  leakage  factors  (here  taken 
equal  to  .2).  Lay  ofit'  0B:BA  =  T2:Ti  more  accurately 
=  (T,  -f  Ti  T.)  :  T  „  erect  DG  perpendicular  to  OZ  at  D  so  that 
DG  :  OD  =  T,  :  (T,  +  T,)    more  accurately  r=  T3  :  (T^  +  T2+ 

T,T.)  wh.Tc  T..  =    I.  Ri  at  °o  load^ 

Constant  terminal  e.  m.  f. 

Draw  OG,  and  a  perpendicular  to  OZ  through  A  cutting  OG  in 
II.  On  BII  and  HD  as  diameters  describe  circles.  Draw  the  pres- 
sure triangle  with  right  angle  at  K  such  that  OK  :  OL  =  T3  : 1. 


^^ Elektrotechnischc   Z'itschrift.    .Tan.    :.'4.    1»01. 
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OL  is  the  coiistcnit  terminal  ])fessure  and  is  at  riylit  angles  to 
HMD. 

The  larger  circle,  the  locus  of  the  points  N,  is  Ossanna's,  OX 
representing  primary  flux  or  current,  NHQ  representing  sec- 
ondary flux  or  current.  Parallel  to  H]\ID  and  therefore  perpen- 
dicular to  OL  through  0  draw  OJE.  Parallel  to  OHG  through 
E  draw  the  slip  line;  calling  the  intersection  with  the  line  AH 
produced  zero  sKp  and  the  point  E  — 100%  divide  up  the  line. 
Draw  a  line  from  +  100%  si  p  through  11  to  cut  the  circle  at 
F.     The  point  of  ±  oo  slip  is  marked  oo . 

A  method  is  now  available  for  representing  each  of  the  three 
quantities,  torque,  electrical,  and  mechanical  power. 

Bisect  the  angle  CHG  and  di-aw  XJIQ^U^.  (OQ  represents 
flux). 

0N+  is  Ii  at  time  of  greatest  torcpie.  Perpend ieular  to  OG 
at  H  draw  HV.  Parallel  to  01)  at  \\  draw  l\V  (V,  is  any  po  nt 
lon  line  U+N+). 

With  V  as  center  and  radius  VII  draw  a  circle.  T^W  for  any 
load  =  Torque.  (W  on  the  line  AH)  Torcpie  is  also  repre- 
:sented  by  a  perpendicular  let  fall  from  N  on  A  oo  • 

±;et  vij=^  maxnnum  horse  power  =     3/2.    ^ — — =— =. 

Draw  with  center  U,  and  radius  UH  a  circle.  J'arallel  to  All 
draw  a  line  such  that  DW  is  the  power  lost  in  bearing  friction 
and  windage.     Then  BD  =  mechanical  jiowcr. 

Electric  power,  since  the  pressure  is  constant,  can  be  repre- 
sented as  the  watt  component  of  the  primary  current,  therefore 
from  N  drop  perpendiculars  on  OL  and  the  watt  component  OP 
is  obtained.  Electric  power  is  also  represented  by  i)eii)endic- 
ulars  let  fall  on  the  line  JE  (snce  JE  is  at  right  angles  to  OL). 
Starting  at  — cowith  eithei-  Phite  V  or  Plate  XVITa  we  find 
a  region  of  sink  of  energy.  Here  li^=:0  oo .  I2  =  x  Q„.  torque 
=  0.  electrical  and  mechanical  power  both  absorbed.  As  we  slow 
down  Ij  and  To  grow,  reaching  a  maximum  when  Ij  passes  through 
M,  and  I.,  is  ])aivillcl  to  (H).  Mcrlianical  ixuvcr*  and  tor(|ue  grow; 
electrical  comes  to  zero  at  —  100%  slip  and  thereafter  becomes 
output.  At  —  100%,  Ii  is  perpendicular  to  OL  and  is  pure  watt- 
lesfs  cnrrciit. 
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Generator. — Below  — 100%  slip  all  three  increase,  reach- 
ing their  maxima  in  the  order,  mechanical  power,  torque, 
and  electrical  power  after  which  all  decrease. 

SinTx  of  Energy. — At  a  small  nep:ative  slip  (Ii  =  OJ)  electrical 
power  becomes  zero  again  witli  Ij  wattless.  At  synchronism 
torque  becomes  zero,  I^  =  OA^,  lo  =  zero.  From  J  to  H  both 
powei-s  are  absorbed.  At  a  small  positive  slip  (I^  at  H)  me- 
chanical power  becomes  zero. 

Motor. — After  passing  through  their  zero  points  each  has  a 
sign  opposite  to  that  with  which  it  started.  Electrical  is  now 
input,  mechanical  and  torque,  output.  All  rise  reaching  their 
maxima  in  the  order,  mechanical,  torque,  electrical  power.  At 
-|-  100  per  cent,  or  standstill  mechanical  power  becomes  zero,  and 
electrical  and  torque  give  the  starting  values. 

Sinh  of  energy. — Mechanical  power  reverses  and  at  -f  oo 
we  again  strike  the  point  of  beginning  with  torque  ==  o.  nioehan- 
ical  and  electrical  power  both  consumed. 

Grob's  1904  Diagram 

In  1901^*  Grob  developed  another  diagram,  not  mentioning 
his  article  of  1901  except  in  an  introductory  footnote. 

The  new  figure  isee  Plate  YD  ditt'ers  in  that  it  is  more  ac- 
curate, represents  power  aiul  torciiie  on  the  main  cii-cle  by  lines 
simply  located,  and  determines  the  ])()tential  line  somewhat 
differently. 

He  gives  the  method  of  construction  and  a  coiu'i-ctc  rxaiuple 
from  data  for  a  particular  luotoi-.  Tliis  cxamph'  ami  diagrams 
for  four  other  motors  will  be  given.  The  constant  i)ressure  in 
the  new  figure  is  chosen  as  the  bass  and  perpendiculars  are 
erected  to  it.  The  leakage  factors  which  for  the  1901  circle  had 
to  be  determined  in  order  to  construct  the  figure  are  now  de- 
duced from  the  figure.  The  value  T.,  alone  need  be  predeter- 
mined and  it  is  easily  obtained.  The  lines  for  tor(|n(>  and  me- 
chanical ])Ower  (as  will  be  proven  shoiHy)  are  on  the  circle  and 
he  has  corrected  the  torque  line   making  it  the  d'stance  inter- 

^*Ihi(l..  .Tiino  2  and  .Tunc  0,   1904. 
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Plate  VI. — Diagram  of  Hugo  Grob,  1904. 
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cepted  by  the  line  BqB^  on  the  perpendicular  let  fall  from  B  to 
the  line  BqV  instead  of  the  length  of  the  perpendicular  to  the 
line  BoB+.  Also  mechanical  power  is  obtained  as  the  inter- 
ception of  the  same  perpendicular  as  for  torque  with  the  line 
Bo'K. 

Total  power  equals  the  area  of  the  triangle  ODB  =  DB  X  OE. 
(Point  E  moves  on  the  semicircle  over  OQ.) 

The  triangle  BBqD  remains  always  similar  to  itself,  peripheral 

angles  of  constant  arc. 

DB  ,     ,       LQ  .  •  I,      ,        ,    X 

n-^-  =  constant  =  r  ^  (same  peripheral  angles) 

Therefore  I2  =  chord  BoB  X  ^ 
jy.    NL         OA 

Therefore  DB    =  BBo  X  ^ 

AC„ 

Also  the  arc  OEBo  is  similar  to  the  arc  BqBB^,  therefore  the 

^  B+B 

triangles  also  are  similar  and  OE  =  OBo  X   n+u 

The  vector  OBo  is  the  no  load  flux,  which  calls  up  the 
pressure  left  for  developing  power  w^hen  ohmic  and  induc- 
tive drop  have  been  deducted.  This  pressure  is  ACo  perpen- 
dicular to  OBq. 

OBn  =  P.  ~^  in  volts. 

UA 
Therefore  OE  =  P.  ^^^      ^^^ 


I 


OA       B+Bo 
Toi-que : 

DB.  OE  =  B.B.  ^  .  P.  ^%  .  ?:^ 
OC„  OA       B^Bo 

^pB„B.B+B^       P      .B.BX^^  J 
B    B„  B+B„  i-'os  a       2 

=  —^^  ^       (area  of  triangle  B„BB  ■ ) 
B"'"Bo  cos  <t 

^    P  X  2     ,  B+Bo  X  BH  ^  P^  =  p    BG 
B+Bo  2  cos  a 
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In  absolute  measure  then 

P  (voltst  X  BG  (amps.)  X  3       r^^ 
Torque  = (In  Kg  —  m) 

=  2.88^^  ^^(InKg-m) 
n 

or  =  208   ^^  ^^  (In  lb.  ft.) 
n 

Mechanical  Power:  Loss  in  the  rotor  is  proportional  to  lo", 
or  to  DB"Oi'  to  B^B^  or  to  BoF,  FS  is  proportional  to 
the  copper  loss  but  since  FCt  is  also  proportional  to  BqF  we 
can  take  GS  as  a  measure  of  the  copper  losses. 

Then  BG  —  GS  =  BS  =  Power  developed.  To  subtract  bear- 
ing friction  and  windage,  lay  off  BqBo'  perpendicular  to  BqV 
and  equal  to  the  watt  current  of  the  no  load  losses.  Draw 
Bo'K,  and  BS'  is  the  actual  mechanical  power  available.  In 
absolute  measure  mechanical  power  is  given  by 
P  (volts)  X  BSi  (amperes)  X  3. 


H.  P. 


746 


To  care  for  iron  losses  drop  0  to  0'. 
Slip: 

Qi-     _       Rotor  losses  in  heat       _  BnG 
~  Energy  output  of   rotor         BCi 

Draw  anywhere  a  perpendicular  to  B~]\I,  draw  B+K  and  pro- 
long to  intersection.     The  triangle  B+XT  is  similar  to  BqGB. 

rr.,        ..        BfiG         XT  ,. 

Therefore  —^  —  r?ri5-~  =  shp. 
(jrtJ  i  rJ  ■ 

Slip  is  measured  along  TX  in  ])er  cent.'"' 
Efficiency: 

BS'  BS>        BS'      1  . 

Efficiency  =  >/  —  p^r^i : — i— 5 ttb  =  un  =  o^ '     where   a    = 

^        '        OB  projected  on  OP        BC        BA  cos  a 

the  angle  CBA. 


^^  A   very    slight   inaccuraej-    in    II10   slip   sca!o   comes   in   for   light   loads   from 
Ihe   neglect   of   rotor   hysteresis. 
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Prolong  KBy'  to  0'^  the  intersection  with  O'Z.     Erect  JR  per- 
pendicular to  OP.     Draw  0"BP].     Draw  EX  parallel  to  BA. 
EN      1  EN      1  JE 


Then  ;/  = 


EX  cos  a        O  "R  cos  a        JR  cos  a 


Draw  JZ  i)arallel  to  BqV  and  strike  the  arc  ZW.  Then  the 
angle  RJZ  =  a  and  JW  =  JR  cos  a 

Finally  ;/  =j^. 

For  simple  construction,  lay  oi¥  0"L  =r  100  mm.  along  B^V, 
erect  a  perpendicular  to  BqV  cutting  0"K  in  J.  Draw  JR  at 
right  angles  to  OP.     Strike  oi¥  JW  =  100  mm. 

Read  rj  as  length  JE  in  mm.,  or  per  cent.  E  is  determined  as 
the  intersection  of  JW  and  the  line  0"B  for  each  load. 

Data,  work  up  and  curves  now  follow  for  five  machines.  The 
first  is  given  by  Grob,  three  are  in  the  electrical  laboratories  of 
the  University  of  Wisconsin,  and  one  is  derived  from  H.  M. 
Hobart's  book,  Electric  Motors. 

Oerlikon  Twenty  Horse  P()we:i  Three  Phase  Motor 

Data  given  by  Grob.  380  volts ;  1,500  rev.  per.  min. ; 
50  cycles;  R^  ==  .212  ohms;  Ro  :=  .0386  ohms;  Ratio  of  stator 

to  rotor  turns   =  — „  . 
.381 

No  load. 

I,  =  7.3,  V  =  380,  50  cycles.  880  watts.  450  watts  friction  and 

windage,  cos  </)o  =  .184. 

Short  circuit.  (Rotor   slowly  running.) 

35  amperes,   50  frequency,  77  Volts,   2,050  watts,  cos  <^k  = 

.437. 

Ik  at  380  volts  =  35  X    ^^^    =  172.5  amperes. 
Pxldy  cui-rent  loss  in  the  Stator. 

When  I,  =  35,  I,  =  i  =  92,  I./R,  =:  778,  I,ni,  =  9S0 
.ooi 

Total    1,758.     The   watlnn-lci-    read,    however.    2,050.        Then. 

since  the  current  density  should  l)e  almut  the  same  in  stator  and 
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rotor,  increase  the  stator.     That  is,  eddy  currents  etTeetively  in- 
crease the  stator  R. 

292 
2050  —  1758  =  292.  Add-^  to  each  then  I.-R^  =  778  +  146  =  92i  and 

E/  =  .212  X  !?t  =  .252  ohms. 

Short  circuit  lo^R.  at  380  volts  =980  (''P)'  =24.000  watts 

.             24000  .^,,  , 

watt  current  =: ;    =35.4  amperes. 

380X^^3 
Construct  on  the  pressure  line  a  power  factor  semi-circle  of 
100  nnn.  diameter,  lay  oft'  at  the  proper  angle  and  to  suitable 


Plate  VII.— Oerlikox  20  Hoitsi:  Po\vi:ii    3  Phase  Ixnucxiox  Motor. 
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seale  the  short  circuit  and  iio  load  vectors.  Subtract  the  watt 
component  of  the  no  load  current  BnB,,'.     (See  Plate  VII.) 

Draw  perpendiculars  to  O'P  in  ()'  and  through  B,,:  draw 
BoCo. 

O'Co  =  wattless  component  of  no  load  current.  7.2  X  0.252 
=  1.82 

1.B2 


Tg  .=    /380\    =  .00828 
'1/3/ 


Lay  off  BoA  =  100  mm.  A^Ao  =  .828  mm.  Coustract  circle 
with  center  on  BqA,  which  shall  pa.«-s  through  K  and  Bo. 

T  =  ^  =   .0392 

Lay  off  OE  =  T  and  EE^  =  T3 

Infinite  slip  is  the  intersection  with  the  circle  of  UE,  pro- 
longed. 

Draw  B+Bo 

Drop  a,  perpendicular  from  K  toward  diameter  BoV  to  in- 
tersection with  BoB+;  from  this  intersection  backwards  lay  off 
the  watt  current  of  rotor  loss  at  short  circuit.  Draw  Bo'K" 
through  to  intersection  of  line  with  the  circle  at  K\ 

BqB"  is  the  torque  line. 

Bo'K'  is  the  mechanictd  i)ower  line. 

O'Z,  is  the  electrical  power  line. 

Torque  and  mechanical  power  are  the  lengths  for  any  load 
of  the  perpendicular  to  the  diameter  BoV  as  far  from  llie  circles 
as  the  intersections  with  the  torque  and  power  lines  respectively. 
Electrical  power  is  the  perpendicular  distance  to  the  line  O'Zj. 

To  lay  off  the  slip  line,  draw  and  prolong  B^K'.  Pei-pendicu- 
lar  to  B^II  (a  radius)  erect  TY  so  that  the  intercept  between 
BoP>'  and  B^K'  shall  be  for  convenience,  just  100  nun.  Slip 
for  any  load  is  the*  distance  TX  the  interce])t  willi  the  line 
BB  for  that  load  read  directly  in  mm.  or  per  cent.  [See 
Plate  VI]. 

Scjilc  of  cfliciciicics.  I'l'olong  K'li,/  I0  O".  its  iiitcrsiM-t  ion 
willi  (>'/,.  I)cscr.l)e  an  arc  l(tO  iimi.  loiii:'.  lOrcct  a  langent 
jtci-priidiciiKir   to   the    diaiiK'ter   B„\'     to     iutcrst'ct  ion     witli     the 
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U  ^  -  <:6  soQ  ^  -I  -dH 
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power  line  Bo'K'.  Erect  perpendicular  to  the  pressure  line  and 
lay  off  on  it  an  are  100  iiiiii.  long.  Read  directlj^  in  mm.  or  per 
cent.,  the  efficiency  at  any  load  as  the  intersection  of  line  0"B 
for  that  load  with  the  efficiency  line. 

The  motor  was  loaded  both  l)y  brake  and  by  a  rated  generator 
and  the  circle  gave  points  between  the  fluctuations  of  the  ex- 
perimental data.  The  circle  and  curves  derived  therefrom 
follow. 

Oerlikon  Motor. 
Data  for  circle,  Grob. 


Amperes. 

Slip. 

Cos  (j) 

'/ 

Torque 
lb.  ft. 

H.  P. 
input. 

H.  P. 
output. 

B.  Q. 

B.  S. 

B.  G. 

10 

0.9 

68.8 

70.9 

18.2 

6.3 

4.7 

71 

53 

60 

20 

2.2 

90.9 

84.7 

48.9 

It). 2 

13.3 

183 

150 

161 

30 

3.9 

93.4 

86.5 

79.0 

25.1 

21.5 

284 

243 

260 

40 

5.4 

93.6 

8). 6 

104.8 

33.4 

2S.7 

378 

325- 

345 

50 

6.9 

93 

84.0 

130.6 

41.6 

35.3 

472 

400 

430 

7i 

11.4 

89.5 

78.3 

182.4 

59.2 

46.4 

670 

.525 

600 

100 

17.3 

83.4 

70.2 

217.0 

74.0 

.52.4 

837 

593 

714 

125 

25  8 

74.5    • 

59.1 

226.0 

82.5 

48.9 

934 

554 

744 

150 

42.5 

61.4 

41.8 

200.5 

81.8 

34.2 

926 

387 

660 

174* 

100 

41.5 

0 

112.5 

64.0 

0 

73.5 

0 

320 

7Bt 

0.1+ 

18.4 

0 

4 

1.18 

0 

880^ 

0 

160 

56 

54.5 

29.8 

176 

77.4 

22.7 

876 

257 

580 

*  Short  circuit, 
t  No  load, 
i  Watts. 

General  Electric  Co.'s  Motor  Xo.  71602 

Form  L ;  60  frequency ;  5  h.  p. ;  3  phase ;  volts  between  lines, 
110;  4  pole,  amperes  per  line,  28.  The  rotor  has  an  internal 
clutched  starting  resistance. 

No  load. 

110  volts,  14.5  amperes,  420  watts,  cos  (/)o  =  .1520. 

Short  ('ircuit. 


I  (av.) 

V 

W  (total). 

Cos  0^ 

I^  (110 volts).    W|_  (110 volts). 

22.1 
26.3 
30.3 
.35.0 
41.3 

15.5 
18.5 
2"'  5 
26  lo 
30.0 

340 

480 

6><0 

890 

1.080 

.497 
.493 
.497 
.484 
.503 

156 
1.56 
156 
1.56 

156          1 

17160 
17160 
nitK) 
17160 
17160 

Av 

.494 

I,"-  R,i  =  !,«  Rs  =  -^^2^^  =  8580  =  156"  X  -353. 
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The  windings  of  rotor  and  stator  are  identical,  therefore  K/ 
=  U/  =  .353. 

Direct  current  measurements  gave  R^  =  Ro  =  .3115  which 
is  raised  to  .353  by  eddy  current  losses. 

14.4 
CoO'  =  14.4,  T3  =    v'3   ^  "^^^  =  .0267, T  =  ^'  =  .0870 

— no —  ^"^ 


Watt  current  of  lo'Ro  loss  is 


8580 


26  amperes. 


3x  110 
Circle,  data  scaled  therefrom  and  curves  follow 


Plate  IX. — Fivk  Hoksp:  Powkk  Induction  Motok.     G.  E.  No.  71602. 
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6EXEKAL  Electric  Motor  No.  71G02. 
Dal  a  for  circle:  Kvsor,  Fusst'll. 


Am- 
])eres. 


15 

i: 

2(1 

30 

40 

50 

60 

TO 

80 

00 
100 
120 
140 
150 
15St* 


SliD. 


.50 

1.15 

l.TO 

3.5 

4.9 

6.2 

7.0 

10  1 

11.0 

14.4 

17.3 

25.1) 

42.0 

60.0 

100.0 


Cos  <p 


37.5 
55.5 
69.5 

83.8 
86.3 
88.0 

sr.4 

86.3 
84.5 
82.0 
70.3 
72.0 
62.0 
54.5 
47.0 


Per  ct. 

V 


60.2 
74.8 
80.2 
83.6 
82.6 
80.3 
77.6 
74.5 
70.8 
66.8 
62.2 
50.8 
33.3 
19  0 
00.0 


Toraue 
lb.  ft. 


4.78 
8.81 
13.4 
25.0 
34.6 
43.0 
50.0 
56.6 
61.0 
64.6 
66.9 
65.4 
55.2 
44.1 
30.1 


H.  P. 
Output 


H.  P. 

Input. 


.85 
1.78 
2.81 
5.35 
7.33 
9.08 
10.36 
11.52 
12.20 
12.55 
12.42 
11.18 
7.36 

4. or 

0.00 


1.53 

2.46 

3.73 

6.46 

8.83 

11.28 

13.40 

15.40 

17.30 

18.84 

20.30 

22.20 

22.20 

21.10 

19.00 


...  — 

' 

BQ 

BS 

90 

50 

145 

105 

210 

165 

3h0 

3i5 

520 

432 

665 

535 

790 

610 

910 

680 

1020 

720 

1110 

740 

1200 

730 

1310 

660 

1310 

434 

1240 

240 

1120 

0 

BG 


65 

120 
182 
340 
470 
585 
680 
770 
830 
880 
910 
690 
750 
600 
410 


*.-!hort  circuit. 

Values  sealed  from  circle  agree  very  well  with  the  results 
taken   from   brake  tests. 

General   Electric    Go's   INIoToa  No.    2577 

Type  I :  form  C ;  3  phase ;  60  Ireqiieiicy ;  6  pole ;  5  horse 
power;  1200  rev.  per  min. ;  220  volts.  Stator  turns,  172S ; 
rotor  turns,  144. 

No  load. 

219  volts,  lo  =■  3.88  amperes,  cos  <^o  =  .176. 


^\'atls  f'riclioii  aiul  wiiidaye 


=  11") 


115 


Wall  current  friclioii    and    winda.i;'*'  =  .jony    /.-  =  .:!02  amperes 


Watt  curreiil  tnlal 


*258 


220X1/3 


.()7S  ami)eres 
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Short  circuit. 

220  volts;  48  amperes;  cos  <^k  =  .497. 
Ri  =  1.21   ohms  (hot),  R,  =  .0086  ohms  (hot)   O'Co  =  3.64. 

3.G4 

=  V  1  •>! 

T,  =    t^3       =  .01125 

220 
48«  X  1.21  =  2790 


12  X  48  X  .0080  =  2850 
2850 


220 


=  13  amperes   watt    current  to  subtrart  along 


line  KK' 
Circle,   data   and   curves  follow. 


I'l.Aii:   XI.  —  Fi\i;    lIoHsi:    I'owi  u    Imuition    .Moioit.     (I.    K.   Xo. 
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General  Electric  Co.  "s  Motor  No.  2577. 


Am- 

Cos0 

Per  et. 

Tornue 

H.  P. 

H.  P. 

peres. 

'/ 

lb.  ft. 

Inuut. 

Output. 

BQ 

BS 

BG 

3.88* 

.4 

17.6 

0 

.6 

.346 

0 

0 

11 

4 

.9 

41.0 

54.4 

2.8 

.854 

.459 

67 

36 

50 

0 

1.9 

66.2 

76.0 

6.5 

1.78 

1.29 

140 

101 

118 

10 

5.8 

87.6 

84.0 

18.1 

4.52 

3.75 

355 

294 

327 

1.5 

9.4 

89.2 

81.4 

27.2 

6.89 

5.61 

540 

440 

492 

211 

13.2 

87.4 

77.2 

35.7 

9.04 

7.00 

708 

548 

645 

25 

18.0 

84.8 

72.4 

42.0 

10.84 

7.84 

850 

614 

760 

30 

23.4 

80.2 

65.9 

46.6 

12.33 

8.15 

967 

639 

844 

35 

31.0 

74.5 

57.8 

49.3 

13.40 

7.78 

1050 

610 

890 

40 

41.5 

67.2 

46.9 

48.4 

13.80 

6.50 

1080 

510 

875 

45 

59.0 

57.0 

30.0 

43.2 

13.27 

4.08 

1040 

320 

750 

48 

79.0 

49.7 

14.4 

36.7 

12.20 

1.79 

956 

140 

664 

4y.9t 

100.0 

44.2 

0 

31.2 

11. '^2 

0 

880 

0 

565 

*  No  load. 

+  ^^hort  circuit. 


WeSTERAS    ^I(1T0R 


(Allmaniia  Sveuska  Elektriska  Aktiebolayet.) 
From  H.  M.  Hobart'.s  book  Electric  Motors. 
12  pole;   50  frequency;   500  volt;   500  rev.   min.;   3  <^ ;   100 
orse  power.  Y  eonneetetl.  2S8V  per  eoil. 


(  Ri  =  .084        Kg  =  .058 
er  4>  ■     Primary  turns    _  90  _ 
(  Secoiiclarv  turns       72 


1.25 


No  load. 

23  amperes,  cos  0o  =  -190 

3  X  288  X  23  X  •!!»  =  3700  watts 

Beariu'T  and  windayo  =  1  100  watts 


"Walt  current  total  =  - 


3700 


—  =  4.27  amperes 
500  X  1/3 


Watt    curri'iit.  bcariuL;- and   windaiz'e  = 


1400 


500  X  1/3 


=  1.01  ampcre.s. 
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Short  circuit. 

438  amperes;  288  volts;  cos  <^k  =  -383. 

O^Co  =  22.4  amperes 

22.4  X  -084  =  1.88  volt 

1.88 
Ts  =  /50().   =  .00651 

OBn   _    1^    ^     Q^gg 

^         BoL       22.51 

la^R,  =  (438  X  1-25)^   .  058  X  -383  =  65000  watts 
65000 


Watt  current  at  short  = 


500  X    V3 


=  (0.2  amperes 


Plate  XIII.-Westeras   100  Horse  Pow™  3   Phase  Induction    Motor 
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AVkSTKKAS    100    HoKSK-PoWKK    MOTOK. 


pere. 

Slip. 

Cos  0 

V 

Toniuf 
111.  n. 

11.  !'. 
Input. 

H.  V. 
Output. 

B(i. 

BQ. 

BS. 

23 

.05 

190 

0 

21.6 

5 

0 

9 

37 

0 

25 

o 

440 

547 

98.4 

13.5 

7.9 

41 

58 

34 

50 

1.8 

853 

860 

460 

48.7 

41.7 

192 

210 

180 

75 

3.0 

905 

880 

768 

80.6 

69.6 

320 

335 

300 

100 

4.1 

917 

881 

1030 

106.8 

93.4 

430 

460 

402 

125 

5.2 

912 

870 

1292 

133 

116.0 

538 

573 

500 

150 

6.8 

902 

858 

1519 

158 

136.0 

632 

680 

581 

175 

8.0 

889 

841 

1730 

181 

152.5 

721 

780 

657 

200 

9.7 

870 

822 

1920 

202 

166.5 

800 

876 

718 

250 

13.5 

817 

776 

2210 

238 

184.5 

922 

1028 

796 

300 

17.4 

750 

713 

2360 

262 

186.5 

983 

1130 

804 

350 

25.3 

660 

628 

2305 

268 

167.0 

960 

1155 

720 

400 

39.4 

532 

474 

ISkJO 

246 

116.0 

815 

1061 

500 

438 

71.0 

383 

207 

1320 

195 

40.4 

550 

840 

174 

450 

100 

320 

0 

960 

164 

0 

400 

708 

0 

Brown,  Boveri  ]\Iotor  No.   11)8.!>13 

Type  6;  6  horse  power:  4  pole:  J  800  rev.  jiei*    miu. :  3  phase; 
110  volts;  60  freqiieney. 
R/  =  .137  ohms   (hot) 
R/  =  .089  ohms   (hot) 
No  load. 

110  volts,  lo  =  8.45  amperes,  cos  <^o  =  .290 
160  Watts  friction  and  windage 

160 


"Watt  current  friction  and  windage 


llOX  1^3 


_  =  .84  amperes 


Watt   current   total     =:  2.45  !imi)ore.s 

110 X   V3 

Short  circuit. 

110  volts,  lu  ^    159  ami)eres,  cos  <^k  =  .572 

8.  X  .1:57 


T 

110 

T    =  .0432 


^   .00!)!)(i 


Plate  XVI  shows  this  machine  as  a  normal  motor,  solid  line, 
and  the  dotted  line  shows  a  modified  motor  which  is  discus.sed 
later.  Circle,  data  and  curves  are  given.  Plate  XVIIa  .shows 
the  curves  for  this  inncliiiic  and  Plato  XVIIb  for  tlu^  modified 
motor. 
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Pit  cent, 
slip. 

H.  P. 

mechanical. 

H.  P. 
electrical. 

Il 

Cos  (/> 

V 

Standstill 

— 1!1.80 

11.80 

188 

24.0 

1.00 

0.00 

23.20 

162 

55.0 

0.00 

.717 

4.68 

24.60 

150 

62.5 

19.0 

.44«> 

10.40 

24.40 

125 

75.0 

42.5 

.2S13 

12.60 

21. 8  i 

100 

83.5 

58.0 

.212 

12.30 

18.36 

80 

88.0 

67.0 

.180 

11.60 

16.30 

70 

90.6 

71.3 

.148 

10.57 

14.20 

60 

91.8 

74.4 

.110 

9.35 

12.10 

50 

92.9 

77.1 

.a»4 

7.80 

9.70 

40 

93.5 

80.4 

.068 

5.88 

7.28 

30 

92.7 

81.0 

.040 

3.81 

4.68 

20 

89.0 

81.5 

.030 

2.43 

3.12 

15 

82.0 

77.7 

.010 

1.04 

1.73 

10 

61.0 

t>0.0 

.0098 

0.52 

1.21 

0 

45.0 

42.9 

.■Synchronism 

xmo 

0.00 

.69 

8.06 

29.0 

0.00 

.0097 

2.25 

1.38 

10 

54.0 

61.5 

.0176 

3.81 

3.12 

15 

78.2 

81.7 

.0247 

5.36 

4.33 

20 

86.0 

80.6 

.0382 

8.50 

6.93 

30 

90.3 

81.6 

.0519 

11.60 

9.35 

40 

91.0 

80.6 

.0646 

14.50 

11.60 

50 

90.5 

79.7 

.0780 

18.20 

13.70 

60 

89.0 

75:2 

0.1042 

23.9 

17.5 

80 

85.4 

73.2 

0.1370 

30.3 

20.8 

100 

80.0 

68.6 

0.1800 

37.3 

23.0 

125 

71.0 

62.0 

0.2.51H) 

43.2 

22.5 

150 

58.0 

52.5 

(•.3800 

44.4 

17.0 

175 

37.0 

38.3 

1.0000 

33.0 

0. 

192 

0 

0. 

]>K()\VN,    I^OVKIU.     ;\l0T()K     I>K.\KK    TksT. 


lav. 

Per  cent.  Cos  <p 

Slip. 

B.  H.  P. 

8.25 

25.0 

.22 

.0 

11.3 

71.8 

1.50 

1.35 

15.9 

82.1 

3.0 

2.6S 

18.8 

88.5 

3.5 

3.34 

21.9 

90.1 

4.5 

3.9S 

25.2 

88.8 

5.2 

4.63 

29.0 

95.1 

(i.5 

5.2() 

32.6 

9G.0 

7.3 

5.90 

37.4 

94.2 

9.1 

7.15 

43.3 

93.5 

9.45 

7.79 

47.0 

90.5 

10.5 

8.38 

50.5 

91.0 

11.0 

H.^S 

8.3 

26.3 

.187 

0 

9.8 

49.2 

.8() 

1.14 

15.3 

85.2 

1.42 

2.46 

20.7 

86.7 

2.28 

3.72 

32.(5 

ST.  9 

4.02 

5.48 

45(j 
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Slip  Scale  for  Hypersynchronism 

In  all  of  the  foregoing  diagrams,  as  well  as  in  those  given  m 
the  appendix  to  this  chapter,  the  scales  for  slip  are  accurate 
for  the  condition  of  motor  running  since  they  represent  all  the 
limit  conditions  and  agree  with  brake  data.  For  generator  slip, 
however,  none  are  accurate  since  the  authors  have  done  one  of 
three  things:  (a)  evaded  the  issue  entirely.  Grob,  1904:  (b) 
extended  the  motor  slip  scale  proportionally  which  fails  to  rep- 
resent the  limit  conditions,  Ossanna ;  or  (c)  extended  the  gen- 
erator slip  scale  set  by  the  limits  to  motor  action  which  fails  to 
give  the  correct  position  for  100  per  cent,  motor  slip  (stand- 
still), Grob,  1901. 

If  in  a  diagram,  whose  motor  slip  scale  accurately  agrees  with 
data  which  are  obtained  from  careful  cbservation  during  a 
brake  test,  the  motor  slip  line  be  prolonged  the  values  scaled  otf 
from  this  prolongation  do  not  agree  with  tests  made  during  a 
generator  run.  In  one  test  at  about  50  per  cent,  overload  they 
had  the  relation,  scale  to  test  equals  10.7  to  6.1.  not  a  remark- 
able agreement. 

If.  however,  parallel  to  the  motor  slip  scale  a  line  be  drawn, 
so  that  its  100  mm.  length  fills  the  distance  between  the  base 
line  of  slip  and  a  line  drawn  from  co  slip  through  Z  the  point 
where  the  energj^  component  of  the  primary  current  changes 
direction  and  which  must  represent  the  point  of  100  per  cent, 
slip,  it  will  represent  to  a  very  fair  degree  of  approximation 
the  conditions  actually  found  to  occur  during  careful  measure- 
ments of  a  run  of  the  machine  as  a  generator. 

The  diagrams  given  show  two  of  the  possible  schemes  of  con- 
nection, each  employing  a  synchronous  generator  in  parallel  a.s 
the  source  of  leading  exciting  current.  One  scheme  loads  with 
lamps  or  other  dead  resistance  as  absoi'ption  agent,  wliili'  tlie 
other  is  a  "pump  back"  system.  The  latter  is  the  ea.sier  to 
operate  by  far;  it  being  ])ossilil('  by  the  mere  movement  of  a 
rheostat  (that  in  the  smallri'  !)('  iiui'-liinc  "ir'  Ix-iiig  most  often 
used)  to  effect  a  change  of  thf  induction  machine  clear  through 
by  easy  steps  from  100  per  cent,  overload  as  a  motor  to  TOO  p(>r 
cent,  overload  as  a  generator.     This  causes  readily  20  b.  p.  t.". 
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circulate  with  a  total  loss  of  lesi  than  2  h.  p.,  the  machine  under 
test  being  rated  at  6  P.  S.  (German  h.  p.  of  736  watts). 

In  order  to  test  this  theory,  th'3  following  experiment  was 
performed.  Driving  above  speed  an  induction  machine  it  was 
paralleled  with  a  synchronous  generator  and  the  following 
values  maintained  constant  while  load  was  added  in  the  shape 
of  lamp  banks  in  delta  across  the  lines,  primary  frequency, 
held  at  60  by  keeping  the  speed  of  the  synchronous  generator 
at  1,200  rev.  per  min. ;  the  line  pressure  by  adjusting  the 
synchronous  machine  field  current :  and  approximately  the  m- 
put  to  the  machine  driving  the  synchronous  generator  and  there- 
fore to  the  synchronous  generator  itself.  It  was  found  that 
while  remarkably  stable  and  constant  when  once  adjusted,  the 
sj^stem  Avas  one  of  a  very  considerable  flexibility,  since  it  suf- 
ficed to  change  any  one  of  the  three  field  rheostats  to  throw  the 
load  of  the  whole  system  on  to  whichever  prime  mover  was 
desired  and  to  cause  the  other  to  act  as  a  generator,  or  both 
could  be  adjusted  to  act  as  motors.  The  motor  driving  the 
synchronous  generator,  in  order  that  the  frequency  might  be 
maintained  constant,  was  kept  functioning  as  a  motor  but  wa.s 
not  allowed  to  take  more  than  a  very  little  power  input.  Ac- 
curate readings  of  speed  were  taken  on  both  generators  and 
these  were  used  as  checks  on  the  indications  of  the  slip-indicator. 
Tliis  consists  (See  Plate  XVIII)  of  a  commutator  capable  of 
being  driven  by  the  rotor  speed  and  having  a  number  of  seg- 
ments equal  to  the  number  of  poles.  Stator  frequency  im- 
pressed electrically  upon  these  l)ars  and  rotor  fre(iuency  me- 
chanically (by  holding  against  the  shaft  as  in  a  tachometer) 
the  number  of  beats  due  to  these  two  frequencies  superimposed 
is  indicated  by  the  throws  of  a  DC  ammeter  needle  connected 
in  the  circuit  of  the  indicator  brushes.  For  a  four-pole  motor 
the  indications  per  half  minute  equal  the  revolutions  slip  per 
minute. 

V'itv  llic  low  n-adiiigs  if  llic  lai'lioiiictcrs  and  slip  iiulicator 
disagreed  the  lattei'  was  taken,  wlieii  tlie  slip  rose  to  high"r 
values  (due  to  the  (liriiciilty  of  e(tunting)  discrepancies  were 
adjusted  by  weighting  the  slip-indicator  as  four  times  as  ac- 
curate as  the  tachometer.     All  the  values  are  the  average  of  a 
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number  of  separate  determinations  taken  after  the  constants 
had  been  adjusted  and  the  performance  stationary.  The  limit 
was  placed  by  the  sparking  of  the  AYestino-house  motor  and  not 
by  the  induction  generator  although  it  did  get  warm. 

The   slip     —     is   that    scaled    from   the   prolonsfation    of   the 

j 

motor  slip  line  while  the  slip  S  is  from  test  values.  The  col- 
umns headed  slip  from  XY  and  from  YZ  indicate  the  agreement 
obtainable  from  two  diagrams,  for  the  same  motor,  constructed 
entirely  independently  of  one  another,  when  scaled  off  my  lino. 

The  curves,  Plates  XX  and  XXI,  between  per  cent,  slip  from 
test  and  per  cent,  slip  from  scale  on  my  diagram  is  a  most  drastic 
test  under  which  the  diagram  stands  up  well.  The  larger 
circles  as  indicated,  represent  the  values  as  scaled  from  the 
correct  lines,  while  the  smaller  circles  are  the  values  of  gener- 
ator slip  as  sealed  from  the  prolongation  of  the  motor  slip  line. 

The  agreement  of  the  motor  values  with  the  45-  line  is  well- 
nigh  perfect  and  the  great  improvement  of  the  generator  slip 
line  is  apparent  to  the  most  casual  inspection.  The  greatest 
error  of  my  values  is  large,  46.6  per  cent.,  the  average  being 
high,  however,  about  15  per  cent,  or  less. 

The  values  of  the  prolonged  motor  slip  line,  however,  are 
very  much  greater,  the  maximum  error  being  132  per  cent,  of 
the  true  value,  while  the  average  is  more  than  100  per  cent. 
This  means  that  the  generator  slip  in  diagrams  heretofore  em- 
ployed gave  values  which  were  twice  the  real  values  as  obtained 
bv  test. 
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15 


10 


10 


5  0  5 

%  3up  FROM  Diagram 

Plate  XXI. — Compakison  of  Smp  ScAr.E.s. 
Small  circles  give  values  fiom  continuing  the  motor  sli))  line. 
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Xo. 

Ai  av. 

Vi  av. 

KW'i 

KWg 

K\\  total. 

lETH 

1 

9.8 

110.6 

.91 

1.01 

1.92 

1.870 

2 

21.3 

lOit.2 

2.25 

1.14 

3.39 

4,040 

3 

31.3 

lost  3 

3.35 

1.67 

5.02 

5,940 

4 

41  i» 

10S.5 

4.42 

2.33 

6.75 

7.860 

5 

50.8 

110.2 

5.57 

2.91 

8.48 

9.680 

Cos.^ 

Statoj 

Rotor 

Slip  by 

Slip  b.v               Slip 

rev.  permin. 

rev.  per  min. 

difference. 

indicator,     rev.  permin. 

I 

1.035 

1.206.5 

1.821 

11 

7.5                     7.5 

2 

.840 

1.206.5 

1 .  845 

3.S 

34 

34 

3 

.845 

1.203 

1.86S 

60 

58 

58.5 

4 

.85S 

1,200 

1 . 8,ss) 

8!t 

85 

86.8 

5 

.886 

1.200 

1 .  004 

104 

112                     110 

Slips 

"'lip  g 

Westing-house. 

Line 

Lamp.s. 

per  cent. 

per  cent. 

fretiuency. 

A  total. 

V 

1 

.41 

.95 

60.3 

0 

16.8 

110.8 

2 

1    8S 

4.30 

60.3 

3  X  10 

43.6 

109.9 

3 

3.24 

6.3 

60.2 

3  .\  17 

67.6 

109.2 

+ 

4.83 

8.8 

60.0 

3  .\24 

98.0 

108.7 

5 

6.11 

10.7 

60.0 

3  x32 

131.0 

105.0 

Slip  from 

diatrram. 

\\  cslern 
.\  armature. 

(i.E.I.^ 

II.   1'. 

Output. 

^X 

yZ 

1 

16.0 
16.6 

4.68 
4.62 

.6 
2.6 

60 

0 

4.54 

2.63 

3 

16  2 

4.75 

6.72 

4.1 

3.94 

4 

17.0 

4.87 

9.04 

5.4 

5.38        1 

■) 

ir.2 

4.itO 

11.39 

6.6 

6.59 
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No. 

A, 

A -2 

A  av. 

KWi 

KW« 

K\\  total. 

1 
2 

3 

4 

9.4 
25.  li 
30.8 
50.8 

10.  il 
23.8 

29.8 
50.0 

10.45 
25.10 
.30.70 
50.40 

.855 
1.465 
1.80.5 
3.070 

—  .224 
2.li20 
3.310 
5.675 

.631 

4.085 
5.175 
8.745 

Cos  0 

VtN 

VsN 

V  av 

Rev.  per  min. 

Rotor. 

Stator. 

1 
2 
3 
4 

.318 
.841 
.853 
.885 

110 
112 
113 
113 

111 
111 
112 
113 

110.5 
111.5 
112.5 
113.0 

1.810 
1,8.53 
1.844 
1,902 

1,200 
1.200 
1,195 
1.200 

Slip  l).v 

Slip 

rev.  per 

min. 

Slip  .S 
per  cent. 

5 

per  cent. 

Difference. 

Indicator. 

C.vcles. 

1 
2 
3 
4 

10 
53 
52 
102 

17 
53 
til 

88 

17 
53 
59 
91 

.945 

2.m 

3.30 
5.05 

1.0 
5.1 
6.4 
10.7 

60 
60 
.59.7 
60 

Lamp.s. 

Amperes  to 
rotary. 

H.  P. 

output. 

X  Y 

YZ 

1 
2 

3 

4 

0 
3x10 
3x15 
3x25 

14 
4 
4 
1.5 

.84(5 
5.47 
6.94 
11.7 

.70 
3.2 
4.0 
6  5 

.63 
3.14 
3.82 
6.47 
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APPENDIX  TO  CHAPTER  I 

In  chapter  I  credit  must  be  driven  Adolph  Thonialen  for  his 
work  of  November  26.  1903,  and  August  11.  1904.  in  Elecktro- 
technischf  Zcitschrifi  following  along  the  lines  of  Grob's  dia- 
gram and  giving  the  relation  of  the  Heyland  to  the  Ossanna 
circle.  Of  course.  Heyland  in  1894\  gave  the  diagram  with 
stator  resistance  represented  and  then  in  1896  simplified  so  as  to 
bo  applicable  with  ease.  His  1894  work  was.  however,  difficult 
of  application  and  that  of  Ossanna  much  simplified  this  but  was 
still  complicated  by  requiring  analytical  geometry  calculations. 

Grob  gave  his  1901  method  of  drawing  the  circle  followed  by 
Thomalen  in  1903  giving  a  slightly  simpler  method  and  show- 
ing the  relation  to  the  simple  1896  Heyland  circle.  Grob  in 
1904  gave  his  very  much  simplified  diagram  and  Thomalen 
shows  that  his  diagram  is  applicable. 

KUHLMANN  'S    DIAGRAM 

Karl  Kuhlmann  discusses-  the  general  alternating  current 
transformer  under  three  heads  "I.  .  .  .  without  inductive 
resistance  in  the  secondary  circuit  (Polyphase  induction  motor ">. 

"II.  .  .  .  with  constant  secondary  phase  displacement 
( <  (^2   oonstant) . 

"III.     .     .     .     with  constant  secondary  self-induction  Lo  and 

variable  phase  displaeemt^it  <  4>...   [tan  c^o  =    2it  {\\ — Y,)  ■,'*] 

the  most  general  case." 

His  figure  17.  reproduced  here  as  Plate  XXII,  is  based  on 
the  ea.se  number  II.  Like  Ossanna.  he  takes  currents  as  being 
in  phase  with  and  of  same  len^tli  as  tlux4s.  That  is.  he  con- 
siders OA  ^=.  primary  flux  F,  =  I,. 

In  Plate  XXII  from  similar  triangles  GE  is  emi)loyed  for  Ij 
instead  of  OA.  since  GE  =  T,  X  OA  =  T,  X  Ii-  If  the 
phase  displacoiiiont  is  held  constant,  the  angle  FOD  is  constantly 


Klrktrotrcuniischo  Zeilachrifi,  ]80i,  p.  ."lOl. 
■  Ihitl.,   Apr.    18,    1001. 
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equal  to  90^  -{-  <f>^.     Since  AK   is  i)aralk4  to  OF  for  all  loads 
HAK  =  90°  +  cj>. 

^=~  where  OK  =  OH  ^    and  HK  =  OH  ^—^. 
OH  Ht  6  6 

Therefore  OK  =  -  OH  for  anv  load." 
6 

CorLstruct  circle  M  through  the  three  points  H,  A  and  K. 
E/  is  constant  and  therefore  OH  is  constant.     Draw  the  di- 
ameter  KP.     Then   KPHA   is    an   inscribed   quadrilateral   and 
therefore 

HPK  =  180"  —  roo"  +  <l>.,) 
=  90"  —  0, 
HK  =  PK  sin  (90»  —  ^o)  =  PK  cos  0,  =  RQ  cos  «/>2 

Following  the  secant  law 

OH  X  OK  =  OR  X  OQ  -^)^  —  MQ^  ='oR^  ^  but  OA  =  I^ ;  OH  =  I,,,  ; 
OM  =  a:  MQ  =  r 

Therefore 

1  „  „         .  In 


P,,,   -  =  ,(2  _  r«  and  <t  =  -:: — V(l  _  c;)^  +  4  o  cos*  <^o. 

6  26  cos  <t>2 

In  the  triangle  OAK 
I,*  —  2  Ij  a  cos  AOR  +  a^  _  r^  =  O;  AOR  =  <»()«  ^<p^-\-  y 

in  which  only  y  is  imknown  and  it  may  be  found  from  the  tri- 
angle iio:\r. 


I.„  ^-{-cx^  -  r^  ^  I„,  8  (^1  +  1) 


cos  y  ~        „  T 

^  2  Im    X    't" 


2  I,„  X  oc 
1  -\-  6  cos  <^. 


sin  ;'  = 


i(l   —6Y+A6  cos*  02 

sin  <t>t  (1  —  (J) 
V{l  —  6Y  +4(Jcos*0, 


"  This  value  of  dispersion  coefficient  6  is  the  same  as  Groli's  T  and  is  eciual  to  Ti  + 
Ta  +Ti  Tg  in  terms  of  lleyland's  coefficients.     .Also  einial  to  Vj  v.,  —  1  in  terms  of 

1 
llo|^l<iM^(>n's  I'oefflcients  and  ('(inaMd  1  in  tci-nis  of  HrlitciKrs  cdctlicicnts. 
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The  coordinates  of  the  center  ]M  are: 

The  radius  R  =  ^   .  ^^^     ,  ^VTTT'^^^^^TsT 

AVith  </)_,  =  0  these  become 

Xi  =  Xo,  Vi  =  Vc  K,  =  K. 

Several  other  diagrams  were  investigated  but  will  not  be 
given  since  they  were  found  not  applicable  to  the  work  of  the 
second  chapter. 
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CHAPTER  II 

SELF-EXCITING  ASYNCHRONOUS  GENERATORS 

If  an  ordinary  indnetion  motor  is  driven  above  speed  b\'  me- 
chanical power,  it  will  operate  as  a  generator  and  deliver  cur- 
rent, provided  a  leading  exciting  current  is  supplied.  This 
leading  current  may  be  produced  by  condenser,  by  an  ordinary 
sj'nchronous  motor  floating  on  the  line,  by  a  synchronous  gen- 
erator in  parallel,  or  by  means  of  modifications  in  the  rotor  to 
be  described  later. 

The  action  of  this  leading  current  is  to  supply  a  wattless 
component  which  shall  equal,  approach  or  exceed  the  wattless 
magnetizing  current. 

The  problem,  then,  of  nuilving  an  induction  generator  self- 
exciting  is  reduced  to  determining  some  method  of  supplying  this 
wattless  component  from  the  machine  itself:  and  the  object  of 
this  investigation  is  to  represent  on  a  diagram  the  action  of  this 
exciting  current.  The  historical  development  of  the  diagram 
for  the  ordinary  induction  machine  ha.s  been  taken  up  and  sev- 
eral diagrams  have  been  described  in  Chapter  I. 

The  history  of  tlie  diagram  for  the  self-excited  generator  or 
the  compensated  motor  has  been  extremely  short.  It  will,  how- 
ever, be  taken  up  and  the  self-exciting  lines  developed  for  the 
Heyland  and  llie  (irol)  diagram.  Tlie  different  developments 
which  actually  give  these  phenomena  will  be  taken  up  individ- 
ually and  examined. 

The  i"('j)reseiitalion  on  a  diagi-atii  was  first  given  for  the  com- 
pensated as  for  the  ordinary  motor  by  Alexander  lleyland^ 
whose  work  will  be  displayed  shortly,  lleubaeh.  De  [jatour, 
Bra^stad  and   I^a.  Cour  .seem,  with   Heyland.  to  have  done  most 


/:irl;ln,tt,l„nisilir    ZritscliriJI .    .hilv    u:;.    1  itO.S. 
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of  the   work   witli   the   actual   machines,   although   Prof.    C.  A. 

Adam.s   and   Dr.   A.    S.    ^McAllister   in   this   country   should  be 
mentioned. 


Heyland's  Diagra:\i  for  Compensated  ^Iotors 

Starting'  with  the  regular  approximate  Heyland  construction, 
he  brietiv  runs  over  the  discussion  of  the  diagram  and  then 
})roceeds  to  the  necessary  modifications.  The  only  difference 
occurs  from  the  fact  that  the  excitation  field  comes  from  the 
rotor,  power  being  led  into  it  from  the  external  supply.  This 
occasions  a  leakage  in  the  direction  opposite  to  that  in  the  or- 
dinaiy  motor  since  the  rotor  has  the  larger  fiux. 

In  consequence  of  this  externally  applied  e.  m.  f.  in  the 
rotor  added  to  the  electromotive  force  induced  by  its  motion  in 
the  stator  field,  the  secondary  current  no  longer  stands  at  a 
right  angle  to  the  rotor  or  secondary  field,  but  makes  a  smaller 
angle  with  it,  Plate  XXIII. 

In  the  current  triangle  we  will  have  as  before  AC  as  the  watt- 
less magnetizing  current  of  the  stator  field  and  AC  the  magnet- 
izing current  of  the  rotor  field;  AC  being  constant  and  ACi*^ 
])arallel  to  the  rotor  field. 

To  determine  the  rotor  current  we  must  obtain  the  components 
of  the  e.  m.  f.  which  produces  it  and  combine  them.  That  pro- 
duced by  the  motion  in  the  stator  field  e'  will  vai-y  in  size 
with  tlie  slip  and  will  always  be  perpendicular  to  the  rotor 
field;  the  other  e""  in  the  most  general  case  of  the  application 
of  a  constant  line  jjressure  will  have  a  constant  length  and  a 
directi(m  dependent  upon  the  degree  of  brush  displacenient, 
here  called  the  angle  a. 

This  gives  a  figure  with  AC  =:  ADT  all  being  constants,  e^ 
y)er|)eiidieiil;ir  to  CK'I)  and  e*"  constant  in  length  and  direction, 
given. 

As  in  the  ordinary  motor  the  corners  of  the  triangle  move  on 
circles  which  may  be  determined  as  follows:  Call  the  angle  of 
brush  displacement  zero  when  the  pressure  impressed  on  the 
rotor  is  in   line  with  the  stator  field.     Any  other  brush   angle 
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Pl.ATK    XXIII  DiAdUAM     COMI'DNSATrn     Machink. 
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will  be  the  an^le  a  and  is  measured  from  the  direction  of  AD. 
Lay  off  from   Oc   at  the  angle  a  a  length   OpOc''  =    f  (1  —  TV 

and  from  Oa  at  angle  a  a  length  OaOa''  =  ^  T. 

Draw  a  circle  with  Oc"  as  center  to  pass  through  D ;  draw  another 
with  Oa'^  as  center  to  pass  through  A.  The  construction  of  the 
torque  and  mechanical  power  circles  and  of  the  slip  line  is  made 
in  the  same  way  as  for  the  ordinary  motor. 

This  diagram  yields  a  clear  idea  of  the  working  of  compen- 
sation in  the  motor,  for,  let  the  compensation  be  zero,  e"^  be- 
comes zero.  Oc''  falls  back  Oc  and  we  have  the  original  dia- 
gram. The  greater  the  compensation  the  larger  diameter  has- 
the  circle  and  the  more  is  the  power  output,  (see  later  reference 
to  an  Observation  of  Heyland's  ETZ  5/28/03).  For  but  one 
load  is  the  power  factor  exactly  unity  and  in  order  to  obtain 
this  the  no-load  current  must  be  a  leading  one.  that  is.  the  ma- 
chine must   be   over-compensated. 

Losses  in  the  compensated  are  less  than  in  the  ordinary  niotor^ 
the  iron  loss  in  stator  is  the  same  since  it  arises  from  the  same 
stator  field,  while  the  rotor  iron  loss  is  slightly  greater,  due  to 
greater  tiux  but  still  negligible,  while  the  copper  losses  in  stator 
are  smaller  since  for  a  given  output  the  current  is  less  with  in- 
creased cos  <l>  and  similarly  in  the  rotor  from  a  certain  load  up- 
wards the  loss  is  less  than  in  the  ordinary  motor. 

This  he  shows-  by  data  experimentally  determined  in  a  ma- 
chine with  a  stator  and  two  rotors,  the  first  one  employed  being- 
compensated,  the  second  a  wound  rotor  with  slip  rings.  ]Meas- 
uring  the  rotor  current  revealed  the  fact  that  only  on  very 
low  loads  was  the  lo  of  the  comjiensated  greater  tlian  that  of 
the  ordinary  motor.  The  explanation  comes  from  the  fact  that 
power  outi)ut  ecpials  common  field  times  induced  rotor  current. 

Since  the  fiu.x  is  greater  in  the  compensated  motor  to  produce- 
the  same  power  output,  a  less  current  is  needed  in  the  secondary, 
or.  to  express  it  differently,  for  the  same  rotor  current  and  there- 
fore heat-loss  the  pcwiT  output   wil!  l)c  larger  tliaii   in  the  ordi- 


Ihitl..    Mn.v    28,    ]!I0:',. 
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nary  motor.  This  effect  is  sufficient  to  more  than  allow  for  the 
increased  current  in  the  rotor  due  to  compensation.  He  gives 
the  following  table : 


HP 

Iron  and  trictiuii.  per  cent. 

Slip,  per  cent 

Stator  copper  loss,  per  cent 

Rotor  copper  loss,  per  cent 

Per  cent,  efficiencv 


Compensated 

MOTOK. 

Normal 

motor. 

8a 

me  power. 

Same  heating. 

5 

5 

~ 

n 

14 

10 

4 

9 

4 

4 

2 

3 

4 

3.5 

6 

78 

80.5 

81 

To  return  to  the  diagram,  we  see  that  the  slip  is  for  any  load 
smaller  than  in  the  ordinary  tuotor  and  varies  inversely  as  the 
rotor  current. 

A  figure  (Plate  XXIV)  gives  a  very  interesting  comparison 
of  the  cos  <^-output  curves  of  the  ordinary  motor  and  of  the  com- 
pensated at  various  brush  settings.  As  is  noticed,  the  power 
factor  rises  much  more  quickly,  attains  and  passes  through  unity 
1)ut  hugs  it  much  more  closely  than  does  the  ordinaiy  motor  go- 
ing also  to  a  greater  output  before  it  turns  back  and  the  output 
decreases.  The  greater  the  angular  displacement,  the  quicker 
the  power  factor  rises  and  the  greater  the  output.  It  is  found, 
however,  that  large  brush  displacement  influences  tlie  efficiency 
unfavorably  and  this  i)uts  an  ciiiVctual  stop  to  too  great  a  dis- 
placement. 

As  will  be  readily  noted,  the  brush  position  which  gives  the 
best  cos  <f).  at  full  load  under  n:otor  action  gives  too  small  an 
output  when  the  machine  is  run  as  a  generator.  Since  there 
can  never  be  indiu'tive  lagging  ]>ower  factor  and  any  output  from 
the  machine,  the  (>uti)ut  is  limited  l)y  the  intersection  of  the 
circle  with  the  pressure  line.  This  will  be  largely  raised  bv 
increasing  the  brush  displacement.' 


^Tliis  flws  not  iiH-an  that  an  inductive  load  cannot  be  supplied,  but  simply 
that  thcro  must  be  cnoiij^h  leadinji  cMirrcnt  to  provont  the  total  power  factor 
1)elnf;   a    lagfjInK  one. 
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Platf-:  XXIV.— Hkvi.a.M).  July   2?,.   190:J. 
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The  iisi'  of  some  motors  over-compensated  on  light  load  upon 
the  same  mains  as  some  reg-ular  induction  motors  with  hm^iny- 
cos  (f>.  should  be  noted  as  an  excellent  and  simple  method  for 
improvinii'  the  ueneral  power  factor  of  a  system. 

In  chapter  I,  reference  was  made  to  the  theory  of  the  induc- 
tion nuichine  built  up  by  Julius  Ileubach  in  his  book.  D(  r  Dich- 
sfronnnDtor  (Julius  Springer.  Berlin,  1903).  In  1904.  in  the 
Vortrage,  Heubach  gives  a  Throrie  der  Komp^ensierten  A»yn- 
cJtr&nmaschi)te,  in  which  he  develops  working  basis  for  the 
compensated  machine  along  the  same  lines  as  in  his  book  for  the 
ordinarv'  induction  motor.  He  deals  first  with  an  ideal  motor  and 
gradually  introduces  the  complications  which  are  really  met 
with,  dealing,  however,  almost  entirely  with  the  motor  and  say- 
ing that  the  generator  action  may  be  obtained  by  completing 
to  circles  the  five  semi-circles  which  are  the  loci  of  the  ends  of 
the  current  pressure  and  flux  vectors. 

He  offers  no  experimental  verifications,  nor  has  he  any  ea.sy 
method  of  construction  or  reading  off  of  the  mechanical  and 
other  characteristics.  Notwithstanding,  however,  his  work  is  of 
a  very  high  standard  and  is  a  noteworthy  contribution  to  the 
literature.  Since  his  method  does  not  obviate  the  experimental 
errors  in  the  determination  of  the  various  leakage  factors,  the 
results  to  be  obtained  from  his  diagrams  are  necessarily  limited 
by  the  large  per  cent,  of  inaccuracy  which  is  the  best  available 
in  determining  these  leakage  values.  One  reason  why  Grob's 
diagram  stands  preeminent  is  that  instead  of  necessitating  the 
()l)s('rvation  of  these  various  leakage  factors,  the  data  to  be 
taken  are  easily  and  directly  read  and  if  desired  the  leakage 
factors  may  be  deduced  from  the  circles  with  a  very  oonsider- 
Fil)le  aecuracv. 


0SCILL0GR.\MS 

The  theoi'v  assumes  that  pressure,  current,  and  tlux  are  all 
sine  waves,  and  it  is  of  interest  to  record  the  wave  shapes  used 
in  taking  the  experimental  data.  The  first  data  on  generator 
lest  were  taken  with  a  pres.sure  wave  like  No.  1,  Plate  XXV. 

wiiicli  yields  when  subjected  to  the  80  part  llni'iiiouie  .\nalyser 
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of  the  mathematics  department  of  the  University  of  Wisconsin, 
the  Fourier  series, 

57  sin  X  —  8  sin  3x  -}-  17  sin  5x  (irregular) 

The  current  waves  will  be  distorted  as  shown  in  Nos.  5  and  6 
in  the  well-lmowu  way  produced  by  a  circuit  containing'  induc- 
tance and  resistance,  the  curi-ent  wave  being  as  shown  practically 
independent  of  the  shape  of  the  pressure  wave. 

Pressure  wave  No.  2  was  employed  in  the  second  set  of  gener- 
ator experiments  since  it  is  much  nearer  the  desired  sine  wave 
giving  the  following  series. 

54  sin  X  —  6  sin  3x 

Oscillograms  Nos.  3  and  -i  are  from  the  induction  generator, 
capacity  excited  by  condensors  and  thus  free  from  the  influ- 
ence of  any  impressed  wave  shape.  Xo.  3.  the  pressure  wave 
at  no  load,  is  a  very  smooth  cuiwe  with  the  formula: 

6  sin  X  —  5  sin  3x,  other  terms  negligible, 
a  very  good  approximation  to  the  sine  curve. 

The  current  wave  of  No.  -L-  was  taken  when  the  current  per  c^ 
was  18.3  amperes,  the  pressure  109,  and  the  power  factor 
cos  4>  =.904.  The  less  apparent  displacement  of  the  oscillogram 
is  without  doubt  due  to  the  fact  that  the  vibrator  of  the  oscillo- 
graph was  shunted  across  a  lead  through  only  a  small  part  of 
which  the  total  current  flowed,  much  of  the  resistance  drop  be- 
ing due  to  a  current  supplying  lamp  load  only. 

In  connection  with  this  curve,  a  rather  peculiar  phenomenon 
was  observed.  Superimposed  upon  the  main  current  wave  (ap- 
pearing stationary  in  the  oscillograph)  was  a  ripple  which  ap- 
peared periodically  and  traveled  from  left  to  right  over  tho 
wave,  making  difficult  the  accurate  determination  of  the  main 
wave.  The  period  of  recurrence  of  this  traveling  wave  was 
rather  long  and  its  wave  length  much  shorter  than  the  main 
wave.  This  may  be  caused  by  the  fact  that,  since  the  numbers 
of  the  stator  and  rotor  teeth  are  made  to  have  small  greatest 
common  divisor,  there  are  only  rare  intervals  when  the  flux 
path  is  highly  good  and  the  flux  passes  in  a  stronger  tuft.  If  the 
rotor  were  running  in  synchronism  with  the  stator  frequency, 
these  tufts  would  show  up  t)n  the  pressure  wave  also. 
5  [477] 
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Since,  however,  there  is  a  slip,  the  recurrence  of  this  bunch  ol 
lines  of  force  takes  place  only  at  a  rate  much  slower  than  that 
of  normal  frequency,  giving,  in  fact,  a  traveling  wave  whose  rate 
of  recurrence  is  equal  to  the  slip.  This  is  a  rather  interesting 
carrying  through  of  strol}oscopic  revealing  of  hidden  phenom- 
ena. 

The  oscillograms  listed  are 

No.  1.  No  load  34>  pressure  from  a  3d>  and  '1(f)  synchronous 
machine.     Wagner  No.   .919.  10  II.   P.   Type   6. 

No.  2.  No  load  pressure  from  a  3<f>  synchrou'ous  machine  G.  E. 
Co.  No.  75654,  16  H.  P.  Type  A.  S.  B. 

No.  3.  No  load  pressure  from  3^  Induction  Generator.  Brown, 
Boveri  No.  193913,  6  H.  P.  Condenser  excited. 

No.  4.     Load  pressure  and  current  for  No.  3  generator. 

No.  5.  Pressure  and  current  on  load  composed  of  L-  and  R  in 
series.     From  one  of  the  city  suppl\    generators. 

No.  6.  Same  curves  as  No.  5  from  a  36  synchronous  machine. 
National  No.  1114.     Type  R.  B.  200  lav. 

In  connection  with  the  operation  of  the  induction  generator 
excited  by  condensers  in  the  high  pressure  side  of  transformers 
in  delta  across  the  stator,  (See  Plate  XIX)  a  rather  interesting 
l>henomenon  was  noted.  As  pointed  out  l)y  A.  S.  McAllister, 
iu\  induction  generator  will  rise  to  the  voltage  represented  by 
the  intersection  of  the  magnetization  curve,  plotted  between 
volts  and  exciting  current,  and  the  line  di'awn  to  represent  the 
condenser  used  to  excite  the  machine.  lie  also  i)ointed  out  that 
there  would  be  some  capacities  so  low  that  they  would  nowhere 
intersect  the  curve  and  therefore  give  no  pressure  as  A.  In- 
creasing the  capacity  increases  the  pressure  as  shown.  If  the 
capacity  increases  indefinitely,  the  pressure  would  theoretically 
soon  come  to  a  practically  constant  value  and  remain  there, 
demanding  a  very  much  greater  magnetizing  cui'ront,  provided 
the  frequency  remains  constant.  The  limit  of  this  action  is 
when  an  infinite  capacity,  i.  e..  a  conductor,  is  shunted  across  the 
stator.  This  infinite  capacit>-  linr  wduld  cross  the  magnetiza- 
tion curve  at  co  and  o  giving  niaxiiniiiii  ])ressure  with  oo  mag- 
netizing current  or  zero  pressui-c  and  current.     As  seen  by  ex- 
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pei'iiiient  when  an  inlinite  capacity,  iu  this  case  a  severely  punct- 
ured condenser,  was  put  across  the  line  the  excitaticn  was  en- 
tirely lost.  Ordinarily. when  the  circuit  to  an  induction  machine 
is  broken,  magnetism  must  be  left  in  at  least  two  of  the  three 
phases,  no  matter  at  what  point  of  the  wave  the  switch  is  pulled, 
and  upon  again  starting  as  a  generator  the  machine  will  pickup 
by  itself.  After  passing  through  the  reduction  to  zero,  how- 
ever, by  n:eans  of  qo  capacity  all  the  magnetism  is  killed,  there 
is  no  residual,  and  one  phase  must  be  primed  from  an  external 
source  in  order  to  start  the  machine.  In  some  cases  when  the 
punctured  eondenser  was  inadvertently  left  included,  the  ma- 
chine would  not  excite  even  though  primed,  since  it  innnediately 
returned  to  zero. 

Heyland  in  describing  some  tests  on  his  first  machine  says  in 
this  respect:  "The  chief  difference  in  the  asynchronous  alternate 
current  dynamo  is  the  fact  that  it  does  not  possess  fixed  poles 
as  in  the  continuous  current  dynamo  and  lias  therefore  also  no 
residudl  iikujik  tism.  .  .  .  residual  magnetism  is  absent 
and  after  bringing  the  generator  up  to  speed  it  must  be  sep- 
arately excited   from   some   external   source.''^ 

TIk^  macliine  which  I  used  was  regular  stator  construction 
without  pole-pieces  and  yet  picked  up  invariably,  unless  the 
magnetism  had  been  killed  by  raising  the  capacity  to  an  infinite 
value.  It  would  appear  that  ]\lr.  lleyland's  machine  should  have 
picked  up  also.  The  phenomena  attending  critical  speed  Avero 
also  observed.  That  is.  there  was  ,i  definite  speed  below  whicli 
the  machine  wouhl  nut  pick  up  willi  a  eei'taiu  condenser  ami 
al)ove  wliieli  it  worked  nicely.  It  was  noticed  that  t]i(>  change 
of  the  capacity  in  any  one  leg  influenced  tlie  voltage  of  the 
whole  system  so  tlie  experiment  was  ti-ied.  keeping  the  speed  of 
prime  mover  constant,  of  adjusting  the  pressure  with  varying 
load  by  means  of  a  variable  condenser  in  oiu'  h'g.  It  beliaved 
admirably,  jieting,  of  course,  simply  as  a  Held  rlieostal  in  a  shunt 
direct  current  machine  to  vary  the  amount  of  the  exciting  cur- 
rent.    With   constant   rotor  speed,    liowever.   the   increased   slii) 


*  i:i(  clrir'nu)     (  l.iilKloll  I,    .liin      L'4.     I'.fOL". 

[480] 


FUSSELL — SELF-EXCITING  ASYNCHRONOUS   GENERATORS  69 


■*»uu 

1 

1 

^ 

■j^An 

1 

1 

4 

/ 

/ 

/ 

V 

/ 

320 

/ 

J 

/ 

/ 

/ 

/ 

I 

/ 

/ 

PRO 

/ 

r 

/ 

/ 

^ 

// 

f 

t 

/ 

PAO 

/ 

/ 

V 

/ 

/ 

/ 

/b 

/ 

/ 

/] 

// 

/ 

j 

7 

/ 

/ 

'0 

o 
> 

160 

/ 

A 

/ 

/ 

L 

7 

/ 

/ 

leo 

/ 

/ 

/ 

V 

/ 

80 

7 

/ 

// 

r 

40 

/ 

0 

20 


40 


60  -p  80 


100 


<£0 


Plate  XXVI. — Voi/r.Uii:  DcxraMiNED  by  Capacity. 


[481] 


70  BILLETIN  OF  TJIE  UNIVERi?lTY  OF  WISCONSIN 

iinder  load  necessarily  gives  a  lowered  line  frequency;  this 
lower  frequency  applied  to  the  condtnser  requires  for  the  same 
effective  capacity-reactance  a  mueii  larger  capacity  in  micro- 
farads than  as  though  the  line  frequency  were  constant.  This 
means  that  the  regulation  is  very  bad  and  with  increasing  load 
the  attendant  in  charge  of  the  condenser  must  be  vers'  active  or 
his  voltage  will  not  only  fall  low  but  he  will  lose  his  excitation 
and  have  to  begin  anew.  The  curves,  shown  in  Plates  XXVII  and 
XXVIII,  are  very  ragged,  following  the  variations  in  pressure. 
These,  however,  are  as  closely  adjusted  as  the  steps  of  the  con- 
denser would  permit. 

The  lines  for  the  compensated  motor  in  the  Grob  diagram 
may  be  found  as  follows.  In  the  Heyland  diagram  the  sec- 
ondary poAver  factor  is  taken  as  unity,  that  is,  secondary  cur- 
rent I2  in  phase  with  Eo  and  therefore  at  right  angle  to  t^,.  the 
secondary  flux.  This  cannot  be  true  for  any  position  except  at 
synchronism  where  the  frequency  in  the  secondary  circuit  is 
zero,  since  there  is  some  inductance  even  in  a  squirrel-cage  rotor, 
and  L  combined  with  even  a  small  f  will  inevitably  produce  its 
'Itt  fL-  and  phase  angle. 

This  angle  will  increase  up  to  standstill  where  full  frequency 
is  impressed:  in  fact,  in  both  directions  from  synchronism  the 
frequency  will  increase  until  infinite  frequency  is  reached;  but 
by  what  law  this  variation  occurs  is  not  known.  Some  prelimin- 
ary experimentation  showed  that  this  determination  of  law  of 
change  of  cos  <^2  ^s  far  from  free  of  complexities  and,  due  to 
shortness  of  time,  this  particular  line  of  investigation  was  aban- 
doned for  the  time  (although  the  author  hopes  later  to  take  this 
point  up  much  more  fully)  when  it  was  found  that  variations  in 
pressure  much  smaller  than  could  be  regulated  varied  the  obser- 
vations to  such  an  extent  as  to  make  consistent  data  impossible. 

The  problem  even  for  the  ordinary  motor  is  an  interesting  one, 
for  \vc  have  in  addition  to  the  incj-easing  frequency  with  in- 
iTciisi'  (if  lojid  the  iiicrcjisc  nl'  saturation;  and  varying  with  that 
the  increase  of  cun'cnl.  .-iiid  tliix  -\vave-distor1io]i,  whidi  though 
small  at  no  load  due  to  Ihc  air-gajx  soon  becomes  far  from 
ncgligi])l('.     L,  and  ]\I  both  vary  with  load  also  and  like  so  many 
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of  the  functious  in  the  motor  with  a  most  peculiar  law  of  varia- 
tion. 

On  the  whole,  to  quote  a  member  of  the  department  of  physics, 
"this  point  alone  would 'make  a  most  excellent  and  complete  sub- 
ject for  an  investigation  for  a  Ph.  D.  thesis." 

Acknowledging,  then,  the  source  of  error  involved  in  the  eom- 
pensated-motor  diagram  for  which  this  is  in  a  measure  an  under- 
lying point,  I  proceed  to  the  development,  claiming,  however, 
as  is  due,  a  much  greater  accuracy  than  is  found  in  Heyland's. 
The  limits  upon  the  circle  between  which  the  free  end  of  the 
secondary  tiux  vector  can  move  are  a  very  small  per  cent,  of  the 
total  circumference  and  thus  the  total  error  is  not  large. 

Starting,  then,  with  the  Brown,  Boveri  motor,  on  which  the 
most  accurate  work  has  been  done  here,  let  us  consider  that  it 
is  fitted  with  a  direct  current  armature  with  shorted  commutator 
and  that  tlic  l)rushes  are  displaced  five  electrical  degrees.  (Plate 
XVI.)  Let  us  further  assume  that  we  desire  to  obtain  unity 
power  factor  at  a  load  a  little  less  than  full  load.  The  construc- 
tion will  proceed  as  follows: — parallel  to  the  diameter  through 
the  no  load  current  position,  draAv  a  line  through  the  desired 
value  on  the  pressure  line  (where,  of  course.  I^  and  Ej  are  in 
phase  at  unity  cos  </>). 

Lay  off  an  angle  of  5°  from  this  line  and  another  at  5°  from 
the  center  of  the  circle.  Draw  the  flux  line  and  perpendicular 
to  it,  through  the  intersection  of  the  5°  line  and  the  circle,  a  line 
to  intersect  the  secondary  circle.  Draw  a  line  from  the  new  pri- 
marv^  current  end  through  the  upper  intersection  of  the  circles; 
this  is  the  new  secondary  current.  The  change  in  the  secondary 
circle  is  so  slight  as  \n  hr  inappreciable,  the  increase  of  secondary- 
current  coming  at  the  (ithci-  end.  Now.  with  center  on  5°  line 
through  the  center  (tf  llic  original  cii-ch'  draw  a  circle  through 
the  end  of  the  new  primary  cui'reiit  and  thi-ough  the  far  end  of  the 
f^ux  line.  This  will  be  the  circle  for  the  compensated  motor  and 
self-excited  generator  under  the  conditions  specified  and  to  the 
same  scale  as  the  ordinaiy  circle.  The  maxinuun  motor  ontj)nt 
will  exceed  that  of  the  uncompensated  motor  aiid  the  power  fac- 
tor will  be  nnich  higher  starting  as  a  leading — passing  through 
unity  and  continuing  as  a  lagging-powei-  factor.     At  the  maxi- 
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mum  output  (about  15.6  h.  p.  with  this  arrangement  as  compared 
with  12.3  h.  p.  as  a  normal  motor)  the  power  factor  is  still  as 
high  as  91  per  cent.  As  a  generator,  the  machine  will  be  self- 
exciting  only  so  long  as  the  circle  stays  on  the  right  of  the  pres- 
sure line.  With  this  particular  brush  position  the  output  could 
rise  only  to  about  6  h.  p.  This  shows  the  necessity  of  a  greater 
brush  displacement  for  generator  than  for  motor  action  and 
also  that  for  best  performance  the  brushes  must  be  shifted  when 
the  change  in  function  occurs.  This  is  true  since  the  position 
which  would  give  proper  output  as  a  generator  (a  larger  diam- 
eter circle)  would  give  a  motor  power  factor  very  bad  as  a  lead- 
ing current.  To  represent  diiferent  brush  displacements  other 
circles  are  necessarily  constructed  in  a  manner  just  like  the 
above  except  that  some  other  number  of  degrees  is  selected  and 
the  new  center  is  differently  displaced.  If  it  is  desired  to  have 
unity  power  factor  fall  at  some  other  load  it  may  readily  be 
done  simply  by  choosing  that  point  as  the  origin  of  field  of  flux, 
and  of  secondary  current.  As  has  been  pointed  out,  it  is  entirely 
possible  so  to  adjust  a  compensated  motor  that  its  leading  cur- 
rent at  light  loads  will  just  balance  the  lagging  currents  of  sim- 
ilar uncompensated  motors  at  light  load.  Curv^es  have  been 
drawn  for  the  ordinary  motor  and  generator  and  for  the  same 
machine  compensated  for  unity  power  factor  at  normal  full 
load  and   with  5°  biiish  displacement. 

As  plotted,  the  curves  for  the  5°  maeliine  seem  to  point  to 
erroi".  since  not  alone  is  the  ratio  of  mechanical  to  e.  h.  p.  greater 
than  one.  during  much  of  the  range,  but  there  is  a  time  when 
both  are  output.  It  must  be  remembered,  however,  that  the 
e.  h.  p.  eur\'e  involves  only  the  power  brought  to  or  taken  from 
the  stator  and  to  represent  the  total  this  would  need  to  have 
added  to  i1  the  power  to  the  rotor.  The  most  interest  attaches, 
however,  to  the  relation  between  the  stator  currents  in  the  two 
eases.  The  apivarance  of  mechanical  power  from  Hie  i-olor  and 
electi'icjil  ;il  tlie  same  time  from  the  stator  is  like  laldiiu'.  in  the 
ordinary  motor,  eui"rent  and  mechanical  pow<>r  both  from  the 
7'otor.  The  machine  acts  in  each  case  both  as  motor  and  as  trans- 
former being  thus  Steinmetz's  "most  general  case  of  the  alter- 
nal'ng  enrri'nt  trarisfoi'mer'^since  it  gives  out  pai't  of  thiM^uerg^'' 
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as  mechanical  power  and  part  as  electrical  at  changed  pressure 
and  frequency.  As  shown.  (Plate  XVIIb)  the  compensated 
machine  will  give  motor  output  nearly  up  to  synchronism  with 
input  to  both  stator  and  rotor.  Then  the  rotor  becomes  the 
onl}"  point  of  input  and  mechanical  power  and  electrical  from 
stator  may  be  obtained  up  to  a  little  above  synchronism.  There- 
after, mechanical  power  must  be  input  and  electrical  output  is 
derived  from  the  stator.  Self-excitation  with  5°  displacement 
continues  only  up  to  a  tritie  over  6.  h.  p.  and  thereafter  some 
other  source  of  leading  current  must  be  employed,  although, 
as  will  be  noted,  the  amount  of  this  leading  current  is  much 
less  than  is  required  by  the  normal  motor. 

It  will  be  noted  that  wh'le  the  power  factor  rises  both  in  motor 
and  generator  much  faster  and  higher  than  when  uncompen- 
sated, although  it  reaches  unity  and  passes  through,  it  merely 
hovers  near  it  and  does  not.  as  Heyland's  early  articles  main- 
tained, give  "unity  for  all  loads. *"  It  does  stay  good  up  to  more 
than  100  per  cent,  overload  as  a  motor  (as  a  generator  it  soon 
falls  off),  but  not  at  unity,  and  while  .97  is  good,  it  still  repre- 
sents an  angle  cf  14°  4'  between  pressure  and  current,  while 
.95  is  18°  12'  and  .90  (often  reached  by  ordinary-  motors)  is  only 
25°  50'.  an  angle  of  8°  6'  with  .99  power  factor. 

The  curves  of  primary  current  for  the  two  machines  are  much 
alike ;  the  main  difference  being  in  their  minima,  the  compen- 
sated falling  much  below  the  ordinary  induction  motor  for  its 
minimum  current  when  power  factor  equals  zero. 

An  efficiency  curve  can.  of  course,  not  be  plotted  for  the  com- 
pensated machine  unt:'l  the  total  input  is  known  both  to  stator 
and    rotor. 

The  rotor  current  flows  due  to  a  pressure  which  is  the  result- 
ant of  two  components,  one  due  to  motion  in  stator  field  which 
is  perpendiculai-  to  rotor  field  and  varies  directly  with  the  slip, 
the  other  component  :s  that  which  comes  in  from  the  line  and  is 
of  constant  value  and  is  fixed  in  position  by  the  degree  of  bmsh 
displacement. 

x\t  synchronism  the  first  of  these  falls  to  zero  since  there  is  no 
relative  motion  and  therefore  no  cutting  of  stator  lines  by  the 
rotor.     The   current  triangle  falls  into  a   straight  line  at  syn- 

[487] 


76 


BCLLETIX  OF  THE  UNIVERSITY  OF  WISCONSIN 


t'hroiiisiii  ji  which  case  the  e(|uation  I,  =  Ii  +  I,,,  liolds  algebra- 
ically, whereas  in  all  other  places  it  is  merely  a  vector  equation. 
To  deteniiiue  rotor  input  for  positions  other  than  sj^nehronism 
a  kno\dedg"e  of  secondars'  power  factor  is  requisite  and  since 
this  is  a  variable  of  unknown  law  this  solution  will  have  to  be 
postponed  for  some  future  investigation. 


Brown,  Boveri  Compensated  5°  Displacement 
Scaled  from  dia"-ram.     Plate  XVI. 
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In  llic  product  i(»ii  of  ;i  inachiiic  which  will  e.xcite  itself  as  a 
generator  and  iiave  a  good  jtower  fa<'tor  as  a  moloi".  many  liy- 
lirids  have  resulted  some  of  which  are  important  and  others 
iiMTc  fi'caks. 
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The  general  scheme  has  been  to  place  in  the  rotating  field  of 
an  ordinar}^  stator  a  rotor  wh'ch  consists  essentially  of  a  direct 
current  armature,  (modified  in  different  ways  to  suppress 
sparking,  etc.).  into  which  current  of  the  frequency  of  the  line 
is  led  through  brushes  spaced  around  the  commutator  at  elec- 
trical angles  equal  to  the  number  of  degrees  of  the  system,  90° 
for  two  phase,  120°  for  three  phase,  etc. 

The  first  schemes  merely  short  circuited  the  commutators  of 
ordinary  direct  current  armatures  through  a  low  resistance, 
while  the  later  ones  have  produced  marked  changes  in  the  inter- 
nal construction  and  winding,  all  retaining,  however,  the  com- 
mutator and  three  brushes,  which  by  their  displacement  deter- 
mine where  in  space  the  exciting  field,  noAv  coming  from  the 
rotor,  shall  be  held  fast. 

Since  compensation  brings  the  slip  to  lower  values,  making 
more  care  requisite  in  paralleling  though  not  needing  synchroni- 
zation, there  have  resulted  as  examples  of  the  hybrids  men- 
tioned above,  asynchronous  motors  which  run  at  synchronous 
speed,  and  synchronous  motors  with  a  pronounced  slip. 

Any  device  by  which  we  can  produce  the  wattless  component 
necessary  for  excitation,  on  the  scene  of  action,  and  obviate  its 
transmission  with  the  accompanying  lowered  power  factor,  will 
be  an  immense  improvement. 

If  with  an  ordinary  induction  rotor  locked  in  position  current 
of  the  line  frequency  be  led  to  the  slip  rings,  a  revolving  field 
will  be  set  up  in  the  rotor  which  will  travel  around  at  the  same 
rate  as  that  in  the  stator.  and.  by  making  its  ampere-turn 
strength  exceed  that  of  the  field  by  the  proper  amount,  the  watt- 
less component  of  the  statoi-  ciiri-ciit  may  be  annulled.  If  the 
rotor  be  brought  up  to  synclironous  speed,  the  same  results  can 
be  achieved  by  using  a  direct  current  of  the  proper  value.  (This 
becomes  an   induction  motor  running  synchronously.) 

For  speeds  other  than  standstill  and  synchronism  the  wattless 
primary'  current  may  be  balanced  and  the  line  power  factor 
raised  to  unity  by  impressing  the  proper  frequency  on  the  rotor. 
This  proper  frequency  may  be  obtained  by  supplying  a  com- 
mutator and  brushes  to  which  line  frequency  is  led.  No  matter 
at  what  speed  the  armature  may  be  rotated  the  commutator 
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causes  the  eiu-rent  to  pass  through  conductors  having  the  same 
position  in  space  and  therefore  the  same  relation  to  the  magnet- 
ism of  the  stator. 

The  frequenc.v  necessary  at  any  time  is  line  frequency  less 
the  frequency  of  the  rotation.  Thus  at  standstill  60  frequency 
— 0  frequency  =  60  frequency.  At  synchronism  60  frequency 
^60  frequency  =-0  frequency;  at  half  speed  60  frequency— 
30  frequency  =  30  frequency,  etc. 

An  ordinary  direct  current  armature  would  have  no  torque 
since  no  current  would  flow  in  it.  We  must,  therefore,  connect 
together  points  which  have  some  difference  of  potential  that  cur- 
rent may  flow  and  torque  be  exerted.  To  this  end  Heyland  in  his 
first  machine  simply  shorted  the  whole  commutator.  (This  was 
also  done  at  practically  the  same  period  by  Professor  D.  C. 
Jackson  at  the  University  of  Wisconsin.)  These  shorting  resist- 
ances form  a  shunt  through  which  the  reactance  voltage  at  the 
instant  of  commutation  may  discharge  and  thus  improve  spark- 
less  conditions   at  the  brushes. 

As  to  the  degree  to  which  comnuitation  has  been  improved 
opinions  differ.  iMost  of  the  foreign  comments  are  decidedly 
favorable,  but  as  most  of  the  writers  were  describing  the  ma- 
chines they  themselves  had  invented,  we  nmst  remember  that 
their  panegyrics  may.  in  a  measure  at  least,  l)i'  due  to  enthusiasm. 
In  this  countiy.  Prof.  C.  A.  Adams'  experiments  with  a  G.  E. 
experimental  model  did  not  show  perfection,  though  he  ad- 
mits his  connections  (for  compounding)  were  a  little  question- 
able. Dr.  A.  S.  McAllister  in  his  most  excellent  treatise.  Alter- 
nating Current  Motors,  says  (p.  45)  :  '"So  effective  is  the  elim- 
ination of  s])arking  that  no  observable  result  is  produced  by 
shifting  the  l)nishes  into  any  position."  Also:  ''The  i-esistanc 
forms  a  mtii-iiKluelive  slnnit  .  .  .  wliieh  faet  allows  the  use 
of  copper  brushes  of  cross  soetion  much  less  than  that  required 
for  carbon  brnshes  and  the  connnutatoi'  is  given  a  correspond- 
ingly smaller  size."  I'rof.  Adams  says:  "The  large  exciting  cur- 
rents used  in  the  generator  tests  gave  trouble  on  another  score, 
that  of  sparking;  in  fact  witli  any  exciting  current  within  the 
working  range  there  was  some  s]);ifking,  but  with  the  larger  cur- 
rents  the   spiirlcing   wns   so  vicious  as  to   i'e(|uire   thnl    the   com- 
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mutator  .should  be  turned  down  after  a  ruu  of  a  few  hours.  It 
is  thus  evident  that  the  damping  effect  of  the  low  resistance 
squirrel  cage  is  not  sutHcient  to  warrant  the  use  of  copper 
brushes,  certainly  not  with  such  a  small  number  of  commuta- 
tor bars."'  (The  scjuirrel  cage  mentioned  is  another  device  to 
obtain  torqup  and  supposedly  to  prevent  sparking.) 

Like  so  many  other  points,  in  a  subject  of  this  nature  so  far 
from  being-  .settled,  it  is  necessary  to  weigh  the  evidence,  in 
the  absence  of  personal  experimentation,  and  then  draw  your 
own  conclusions. 

The  first  motor  was  Gorges.*'  a  series  polyphase  motor,,  which 
was  excellent  at  synchronous  speed  but  execrable  elsewhere  and 
since  the  .series  motor  characteristics  do  not  leave  it  long  at  syn- 
chronous speed  it  met  with  no  success. 

Blondel'  brought  out  a  motor  which  was  in  a  measure  the  com- 
plement of  Heyland's  since  it  consisted  of  the  same  stator  and 
same  short-circuited  direct  current  armature  but  used  in  place 
of  the  polyphase  rotor  excitation,  direct  current  excitation  put 
into  the  armature  through  brushes  rotated  by  a  synchronous 
motor.  The  action  of  this  motor  was  successful,  it  being  in  all 
essentials  identical  in  theory  with  Heyland's,  but  the  complica- 
tion of  the  synchronous  motor  and  keeping  the  pressure  of  brash 
on  commutator  uniform  prevented  commercial  success. 

It  is  regrettable  that  so  many  additions  to  knowledge  are  ac- 
companied by  discoi'd.  The  compensated  motor  is  not  an  ex- 
ception; the  discussion  between  Heyland  and  Latour  as  to 
priority  of  invention  being  almost  as  acrimonious  as  the  Tesla- 
Ferraris  controversy.  Heyland's  fir.st  article^  appeared  in  1001 
and  described  the  motor  with  direct  current  armature  shorted 
through  non-inductive  resistances;  and  also  the  machine  with 
two  windings,  one  straight  direct  current,  the  other  squirrel- 
cage.  He  noted  that  it  would  self-excite  as  a  generator. 
Latour  describes"  a  verv  similar  machine  intended  as  a  gener- 


5^.  I.  E.  E.   Trans.,  20:   780. 

<^  Elektroterhnische  Zeitschrift,   Voc.    2.">,    1S01. 

■'Ec.    Eh,    Aug.    20.    IROO. 

'  Elektrotechnische  Zeilsclirift.  Aug.  S.  1001. 

0  Tniliistrie  Eleclriquc.  Fob.  2."..   Apr.   10  and   25,   1002. 
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ator  prineij)ally.  It  dilfers  from  Heylarid's  in  having  no  squir- 
i-cl-cage  and  is  in  fact  as  he  calls  it  a  "shunt-machine."  The 
current  of  slip  frequency  finds  a  path,  in  lieu  of  any  other, 
baek  thi'ough  the  supply  lines. 

Osnos  has  described"^  a  machine  in  which  the  exciting  current 
is  coiiiiiiutated  in  a  small  auxiliary  armature  and  then  led  in 
rutor  through  rings. 

At  the  St.  Louis  Congress,  where  the  compensated  machine 
was  severely  criticized  as  being  beautiful  but  not  applicable  to 
machiiu's  of  sufficient  size  to  be  commercially  practicable  (500 
Kilovolt-ampere  machines  have  been  built  and  run  successfully), 
this  device  of  external  commutator  was  spoken  of  as  the  possi- 
ble saving  of  the  situation  for  the  compensated  machine.  In 
all  of  Heyland's  numerous  machines  this  commutator  (called 
"sifting  device"  by  Prof.  Karapetoff  since  it  separates  watt 
from  wattless  current  and  allows  of  real  flat  compounding  re- 
gardless of  power  factor)  is  the  one  unchanged  and  unchange- 
able feature. 

An  alternator  with  a  practically  constant  frequency  and  speed 
but  requiring  no  synchronizing  to  parallel,  which  can  be  com- 
pounded to  any  desired  extent  and  is  absolutely  self-contained 
except  for  static  transformers,  being  thus  independent  of  any 
exciting  source  whatsoever,  is  assuredly  a  desideratum.  The 
statement  made  at  St.  Louis  that  in  any  plant  large  enough  to 
need  such  regulation  there  would  always  be  an  attendant  who 
could  watch  the  voltage,  does  not  appeal  to  me  as  at  all  re- 
moving the  desirability  of  an  absolutely  automatic  regulation. 
A  synchronous  alternator  with  a  good  Tirrell  or  similar  regu- 
lator in  the  exciter  circuit  would  be  hard  to  beat  on  load  of 
unity  power  factor  but  there  is  no  other  device  than  the  com- 
pensated and  compounded  induction  generatoi'  employing  this 
sifting  commutator  which  will  automatically  compound  for  the 
energy  current  alone  in  circuits  of  any  power  factor. 

The  figure  (Plate  XXIX)  shows  two  i-otoi-s  l)oth  essentially 
direct  current  armatures  but  modified;  oik^  by  resistances  short- 
ing from  one  comnuitator  bar  to  the  next,  the  other  bv  the  ad- 


^^  KlchtruUrhniKchr    /.citsiliri fl .    Oct.     |C,      I!)OL>. 
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ditiou  of  a  regular  squirrel-eage  wind  iig  of  nicdiuni  resistance 
in  the  same  iron  with  the  direct  current  winding. 

The  upper  figure  (Plate  XXIX)  shows  a  favorite  connection 
which  obviates  the  expense  of  a  separate  transformer  for  reduc- 
ing line  pressure  to  a  value  which  can  be  successfully  handled 
by  the  rotor  conunutator.  As  seen,  it  employs  the  stator  iron  as 
core  for  a  polyphase  transformer  of  which  the  normal  stator 
winding  is  primary  and  the  additional  low  tension  winding 
shorted  through  the  rotor,  which  may  be  of  any  type,  is  the  sec- 
ondary\ 

Heyland's  most  successful  winding  scheme  is  shown  by  the 
upper  pair  of  figures  which  picture  a  two-pole  three  phase  ma- 
chine showing  two  conditions  in  the  commutation  cycle.  The 
brushes  are  shown  as  moving,  the  armature  stationary,  of  course 
identical  in  result  with  the  actual  condition  since  relative  mo- 
t'on  alone  is  essential.  The  winding  shown  has  2  bars  per 
pole  per  phase  that  are  active,  and  1  per  pole  per  phase 
inactive,  thus  making  18  in  ail.  The  winding  is  in  six  sec- 
tions shorted  inside  thi'  bars  by  10  ohmic  resistances  by 
the  proper  proportioning  of  wh'ch  the  reactance  voltage  of 
commutation  may  ))e  i-educcd  tlieoretically  with  a  sine  wave 
to  zero.  Practically  there  exist  enough  harmonics  in  every  wave 
to  produce  some  sparking  at  any  time,  but  a.  small  minimum 
may  be  reached  and  it  is  interest.'ng  to  note,  as  pointed  out  l)y 
II(\vland's  paper  at  St.  Louis,  that  it  is  possible  to  reduce  to 
zero  with  a  perfect  wave,  a  thing  not  ever  possible  with  a  direct 
current  commutator. 

The  brushes  are  iiiadi'  wide  enough  to  sjian  thf  inactive  seg- 
ments a?  shown  to  the  right  where  brush  I  is  in  the  act  of  com- 
mutating,  that  is,  «shoit  circuiting,  the  active  segments  of  oppo- 
site sign.  In  these  two  figures  is  shown  th(>  action  of  this  ma- 
chine which  ;s  a  successfully  self-exciting  and  eom|)ounding  si/ii- 
chronoits  generator.  Though  not  coining  sti-ictly  utulcr  the 
heading  of  this  tlii'sis  ttiis  machii)e  is  included  l)ecause  it  is  a 
direct  produ<'t  of  wor-is  on  asynchroiu)us'  nuichines  ami  would 
never  have  been  evolved  save  as  the  limit  of  gradual  injection 
into  the  imluctiim  machine  of  chai-actcrisl  ics  of  the  synchi'onons. 
It  ])ccomes  very  diflicnlt  to  tell  to  which  cbiss  ;i  nuichinc  rc;dly 
6  1 41)3 1 
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belongs  wlicn  it  partakes,  as  so  many  do,  so  vary  strongly  of  the 
characteristics  of  both.  This  commutator  has  the  same  func- 
tion of  sifting  out  watt  from  wattless  as  in  the  induction  ma- 
chine pure  and  simi)l("  and  thi'  method  of  compounding  is  iden- 
tical. 

At  first,  for  compouiuling.  Ileyland  used  a  second  set  of  three 
brushes  placed  on  the  commutator  90°  ahead  of  the  first  set 
(since  there  is  a  90^  lag  of  wattless  current  behind  e.  m.  f.). 
This  worked  very  satisfactorily  but  the  six  brushes  looked  for- 
midable so  he  reduced  them  to  three  by  using  (as  is  necessary 
with  large  machines)  transformers  and  connecting  (as  shown 
in  lower  figure)  the  secondaries  of  the  exciting  transformers 
in  mesh  whereas  the  primaries  are  in  star.  This  gives  an  ad- 
ditional angle  of  80°.  which  fUhled  to  the  90°  gives  120  \  thus 
coinciding  with  the  next  brush  and  making  but  three  reciviisite. 

In  the  lower  figure.  No.  1  is  the  primary  side  of  th^  com- 
pounding transform(n'  and  No.  2.  the  secondary.  No.  3  is  the 
generator  armature  (stationary)  and  No.  4  is  armature  and 
commutator  as  shown  n  upper  figure,  while  No.  5  is  primary 
and  No.  6  secondary  of  the  exciting  transformer. 

By  adjusting  the  number  of  turns  in  the  compounding  trans- 
former any  desired  degree  of  compounding  may  be  ol)t:iin(>d 
while  the  main  exciting  current  is  varied  if  desired  l)y  v.ir  abl' 
resistance,  although  the  idea  h  to  fix  the  adjustments  once  and 
then  leave  them  alone  unless  it  is  d!'sir<'d  to  correct  for  greater 
line  drop,  etc. 
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